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I. INTRODUCTION 

The qual i ty   of   the   environment  i s  t he   sub jec t  of increas ing  

concern.  IIydmgen  chloride is  general ly   not   regarded as a major air 

pol lutant .  However t h e r e  are s p e c i f i c   i n s t a n c e s   i n  which its envimn- 

mental impact i s  o f  in te res t .  Hydrogen ch lor ide ,  HQ, is  n a t u r a l l y  

present   in   the  environment  as a product   o f   vo lcanic   ac t iv i ty .  It is 

found i n   s o l u t i o n   i n  some r ivers ,   such  as t h e  Vinago FUver i n   t h e  

Andes,  which o r i g i n a t e  f r o m  volcanoes.' Hydrogen ch lor ide  was first 

recognized as an air p o l l u t a n t   i n  the 19th  century when it  was produced 

as a byproduct i n   t h e  Lablanc  process  for  manufacturing  washing soda. 
In   recent   years ,   the   inc inera t ion   of   ch lor ina ted   hydmcarbons  and the  

manufacture  of  products  which release hydrogen c h l o r i d e   i n t o   t h e  

environment as a bypmduct3  have  caused a greater  environmental   concern 

fo r  th i s   dangerous  gas. 

2 

Sol id   rocke t   p rope l lan ts4  which  have  been  developed f o r   u s e   i n  

t h e  NASA Space S h u t t l e  Program produce  hydrogen  chloride, aluminum 

oxide  (alumina),  carbon monoxide and water vapor  during  combustion. 

A system  consis t ing  of   several   gases   and so l id  par t ic les ,   such  as a 

rocket  exhaust,  can  undergo many d i f f e ren t   i n t e rac t ions .   In t e l ac t ion  

of  the  exhaust  components  could lead to   chemica l   reac t ions ,   aereso l  

format ion ,   ca ta lys i s ,   absorp t ion   and   adsorp t ion .  The problem is 

complicated by t h e  fact t h a t   e l e c t r o n   d i f f r a c t i o n   s t u d i e s 5  have shown 

t h a t   t h e  aluminum oxide  produced i n   t h e   e x h a u s t  is of two c r y s t a l l i n e  

phases. The l a r g e r   p a r t i c l e s  are alpha  alumina and t h e  smaller par- 

t ic les  are gamma alumina. 
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The  main objective o f   t h i s   r e s e a r c h  was t o  init iate a fUndamenta1 

study of t h e   i n t e r a c t i o n   o f  HC1 and  alumina.  The r e s u l t s  of such a 

study form a basis on  which t o  assess t h e   a d s o r p t i o n   p m c e s s   i n   t h e  

exhaust  cloud as a poss ib le   s ink  mechanism f o r   t h e   p o t e n t i a l l y  

dangernus  hydmgen  chloride. 

When two immiscible  phases  (gas/solid) are brought   into  contact ,  

usua l ly   there  i s  a greater concentration  of  one  phase a t  t h e   i n t e r f a c e  

t h a n   i n   t h e  bulk. This   concent ra t ion   g rad ien t  is caused by f o r c e s  

o f   a t t r a c t i o n  between t h e  two phases  and leads t o  the  concept of 

adsorption.  Adsorption is  u s u a l l y   c l a s s i f i e d  as e i t h e r   p h y s i c a l   o r  

chemical  depending  on  the  forces  responsible  for  the  adsorption. If 

the   adsorp t ion  is  due t o  van der Waals in t e rac t ion ,   t he   p rocess  is 

called physical   adsorpt ion  (physisorpt ion)  . Chemical adsorpt ion 

(chemisorption)  occurs when a chemical bond is formed  between t h e  

solid (adsorbent)   and  the gas molecule  (adsorbate). 

Alumina and  si l ica-alumina  have been u s e d   i n d u s t r i a l l y   f o r  many 

y e a r s  as adsorbents, he te rogeneous   ca ta lys t s   and   ca ta lys t   suppor ts .  

Treatment  of  alumina  catalysts  with  hydrogen halides h a s   r e s u l t e d  

in   increased  act ivi ty   towards  isomerizat ion,   a lkylat ion,   polymerizat ion 

and o t h e r  acid catalyzed  react ions.6  Spectroscopic   s tudies  by Ped, 

Tanaka and O h a s a w a r a  and others”   have  a t tempted  to   explain  this  

enhanced  activity.  

7 ,a 
9 

While in f r a red   spec t roscop ic   s tud ie s  have  been made of  hydmgen 

ch lor ide  treated gamma alumina  and gamma alumina of d i f f e r e n t  degrees 

of surface hydration, no systematic  quantitative  study  of  hydrogen 

chlor ide  adsorpt ion on gamma alumina  has been repor ted ,   fur ther ,  no 
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Study of hydrogen chlor ide  adsorpt ion on alpha  alumina  has  been 

reported.  

A study  of   the fate and   in te rac t ion   of  HC1, HzO and Al 0 is 2 3  
necessaxy t o   p a r t i a l l y  asses the  impact  of  these  exhaust  products  on 

t h e   e n v i m m e n t .   T h i s   r e p o r t   p r e s e n t s  a quant i ta t ive   s tudy  of t h e  

adsorption  of  hydrogen  chloride  and water on alpha  and gamma alumina. 

S tud ie s  of the  inf luence  of   temperature ,  pressure and  pretreatment 

condi t ions were made, The effect of pre-adsorbed water on  hydrogen 

chlor ide  adsorpt ion was studied  and may g ive   ins ight   in to   the   po isoning  

of c a t a l y s t s  @ water. Differences  in   the  adsorpt ion  propert ies   of  

alpha and gamma alumina w e r e  considered  and  give  added  emphasis t o  

t h e   r o l e  which bulk and  surface structures p l a y  i n  adsorption  and 

c a t a l y s i s .  Thermodynamic analysis   of   gas   adsorpt ion  and  solut ion 

adsorpt ion  gave  insight   into  differences  of   gas   phase  and  l iquid 

phase   adsorp t ion ,   the   condi t ion   o f   ox ide   sur faces   in   the   p resence   o f  

water and  the mechanism of  hydmgen  chloride  adsorption on these  

surfaces . 

Certain commercial materials and/or names of  manufactures are i d e n t i f i e d  
i n  this paper  in   order   to   specify  adequately  which  mater ia ls  were in- 
volved in the   r e sea rch   e f fo r t .   I n  no case does   such   ident i f ica t ion  
imply  recommendation o r  endorsement of the materials by NASA. 



11. HISTORICAL 

A .  In t roduct ion  

A r ev iew  o f   t he   l i t e r a tu re   pe r t inen t   t o   t he   adso rp t ion   o f  hydrogen 

chloride  on  alumina i s  p r e s e n t e d   i n   t h i s   s e c t i o n .  N o  at tempt  i s  made 

t o  review a l l  t h e   l i t e r a t u r e  on  ad.sorption.  Standard  references  on 

adsorpt ion  include,  Young and Crowell ,11 Ross and  Oliver,"  Flood 13 

and Hayward and  Trapnell .  14 

B. Sol id   Propel lant   Jhhaust   Studies  

Sol id   rocke t  propellants proposed f o r   u s e   i n   t h e  NASA Space  Shut t le  

Program may pose an  environmental p r ~ b l e m . ~  The propel lant15 is 

composed of  an ammonium pe rch lo ra t e   ox id i ze r   d i spe r sed   i n  a syn the t i c  

rubber b inde r   fue l   con ta in ing  aluminum and  various  o.ther  additives.  

Predict ions  of   the   exhaust   product   concentrat ions f r o m  such a s o l i d  

rocket  motor are available.l6  Typical  exhaust  composition is 3 0 . 8  

A1203, 20.9% HCl, 9 . q  H20,  24.S CO, 3.4% CO 2.5% H2, 8.?$ N2 and 

0.6% FeCl NASA has  an  ongoing  experimental program t o  measure t h e  

e f f luen t   concen t r a t ions  15917'18 and t o   s tudy   t he   i n t e rac t ion  of  t h e  

e f f luen t s .  19'20 The data obtained in these s t u d i e s  will be used i n  

2' 

3' 

t h e   v e r i f i c a t i o n  of atmospheric  models,  such as t h e  NASA mul t i l aye r  

d i spers ion  model.21 Th i s  model will be used to   de f ine   t hose   wea the r  

condi t ions   dur ing  a launch which  would produce  unacceptable  effluent 

concentrations  and  hence  present a launch   cons t ra in t .  

C. Alumina  System 

Aluminum ox ide   ex i s t s   i n   s eve ra l   d i f f e ren t   c rys t a l l i ne   fo rms  

4 
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which  can be interconverted,   usual ly  by heat ing.   Ear ly   s tudies   with 

the  alumina  system dealt with  preparat ion  of   var lous  forms of alumina 

based on  temperature-pressure  relationships.   The  bulk  crystal  struc- 

t u r e  was i n v e s t i g a t e d  as well as the  physical   and  chemical   propert ies  

of   the  var ious  forms.   Extensive  reviews  of   the X-ray p a t t e r n s ,  

s t ruc ture ,   nomencla ture ,   thermal   t rans is t ions   and   phys ica l   and   chemica l  

p r o p e r t i e s   o f   t h e  aluminum oxides  are given by Rooksby2' and by Werfers 

and Bell. 23 

The surface  chemistry  of aluminum oxide  has   not  been as widely 

researched as the   bu lk   s t ruc ture   and   proper t ies .   Bie lanski   and  

S e d ~ i m i r ~ ~  inves t iga ted   the   thermal   p repara t ion ,   chemica l   p roper t ies  

and some adsorpt ive  propert ies   of   several   a luminas.   Three  sequences 

of  phase  transformations were reported:  

Series I: Mixture   of   bayeri te ,   hydragi l l i te   and a small 
amount of  boehmite-Y - 8 - X-a-A1 0 

2 3  

2 3  
S e r i e s  11; Boehmite-y- b - e-x-a-Al 0 

S e r i e s  I11 : Bayerite - y- 8 - X  - a-A1 0 

The rate o f   d i s so lu t ion  of t h e   d i f f e r e n t  forms of a lumina   in  HCl and 
2 3  

i n  NaOH decreased with  increasing  temperature  ,of ca lc ina t ion .   Th i s  

was a t t r i b u t e d   t o  a decrease i n   t h e   s u r f a c e  area dur ing   the  transition 

from t h e  low temperature gamma ( y )   o r  delta (6) forms t o   t h e   h i g h  

temperature  alpha ( a )  form. BET sur face  areas measured  using C02 

adsorpt ion at " 7 9 O C  confirmed t h i s  decrease i n  surface area. The 

specific dens i ty  of t h e  alumina was p ropor t iona l   t o   t he  temperature 

of calcination.  Adsorption  of water vapor  on  the  dlfferent  aluminas 

exhib i ted  a dependence  on the  temperature   of   the   calcinat ion,   but  
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only a s l i g h t  dependence  on  the time of t h e   c a l c i n a t i o n  was observed. 

F r o m  t h e  amount o f  water adsorbed  over a given time period  and  the 

change i n   t h e  rate of  adsorption,  Bielanski  and Sedzimer concluded 

tha t   increas ing   ca lc ina t ion   tempera ture   decreased  t h e  number of micm- 

pores   in   the  y-alumina  and  thus  decreased  the rate of   the  slow  adsorp- 

t ion  s tep.   Negl igible   adsorpt ion  of  water occurred on alpha  alumina. 

D. Surface  Studies   of  Alumina 

S tud ie s  of the  adsorpt ion  and  surface  propert ies   of  aluminum 

oxide  have  been  directed  mostly at gamma alumina  because of its 

impor tan t   use   in   ca ta lys i s .  Few s t u d i e s  have been concerned  with  the 

alpha  alumina surface. Hair25 reviews t h e  adsorption  and  surface 

proper t ies   o f   a lumina   pr ior   to  1967. 

Hightower  discussed  the  nature  of  active sites on  y-alumina f o r  

several   d i f ferent   react ions,   including  or tho-para  hydmgen  conversion,  

Hz - D2 exchange, olef in   isomerizat ion,   polymerizat ion  and  a lcohol  

dehydration.  Using two test r e a c t i o n s  ( D  exchange  and  olefin  isomer- 

i z a t i o n )  as well as infrared  spectroscopy,  Hightower  found f o u r  types  

of   sur face  sites on  y-alumina. 

6 

2 

Another  review  of  the  chemisorption sites on  'I/-alumina  which 

stresses its ca ta ly t ic   impor tance  was given by Cvetanovic  and 

Amenomiya.26 The =view  considers   the sites for   e thy lene   adsorp t ion ,  

hydrogen  exchange  and  changes i n   a c t i v e   s i t e s   d u r i n g   a c t i v a t i o n   o f  

alumina. 

Recent s t u d i e s  have  used many adsorbates  on  alumina  including 

HzS,a928 amines, 29 CO2,'' HF',32  acetylene^,^' a l coho l s ,  34 
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S02,35 and  pyridine. 36 These s t u d i e s  have  employed a v a r i e t y  of 

techniques  such as inf ra red   spec t roscopy,  Ranan spectroscopy,  kinetic 

measurements  and electron  paramagnetic  resonance. 

E. Adsorption of Water on Alumina 

The most extensive  study  of  the  alumina  surface was an infrared 

spectroscopic  study repor ted  i n  a series of papers by Peri .  

U s i n g  t ransparent   aerogel   p la tes   o f   y -a lumina ,   Ped  and Hannan 

invest igated  the  hydrat ion  and  dehydrat ion of alumina up t o  1000°C. 

37-42 

37 

Undried  alumina  aerogel  plates showed broad  absorption  bands at 

3300  and 1650 cm-l corresponding t o   s t r e t c h i n g  and  bending  frequencies 

found i n   l i q u i d  water. These two bands disappeared after outgassing 

the  sample  under vacuum a t  4OO0C i n d i c a t i n g   t h a t  a l i q u i d  film of 

water had  been  removed. Infrared spectra taken after outgass ing   the  

alumina at 650 - 7OO0C showed absorpt ion  bands  character is t ic  of 

isolated  surface  hydroxyl  groups.  Even a f t e r   evacua t ion  at 9OO0C, t h e  

spectra still revealed  the  presence  of isolated hydroxyl  groups  on 

the   su r f ace  of alumina,   a l though  the  intensi ty  of  t h e  bands was 

decreased.  Rehydration  experiments showed tha t   adso rp t ion  of water 

vapor  on alumina dried a t  8OO0C did not  produce  hydroxyl  groups at 

mom temperature but   rehydrat ion  to  form hydroxyl groups could  occur  

at elevated  adsorpt ion  temperatures .   Infrared spectra taken after 

adsorpt ion  of   other   gases   such as NH 3, D2, and CC14 showed t h e  

importance  of  the  isolated  hydroxyl gmups i n  t h e  adsorption  process.  

A quant i ta t ive   s tudy  by Peri38 on t h e  rehydra t ion   of   d r ied  

alumina showed t h a t  t h e  e x t e n t  of surface hydration is  primari ly  

con t ro l l ed  by drying  temperature. Dry alumina  could  "chemisorb" 
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one aolecule  of water per 11-16 2 of  surface at 100°C depending  on 2 

the  drying  procedure. 

A statistical model f o r   t h e   s u r f a c e   o f  y-alumina has been 

proposed by €%ri41 to expla in   the   resu l t s   o f  h i s  dehydration- 

rehydration  experiments. The  model is lased on t h e   p r e f e m d  exposure 

of a single crystal plane (100) .of sp ine l  at the  surface of gamma 

alumina.  The ideal d q  surface is assummed to  contain  only  oxide  ions,  

with  one  oxide  ion  occupying an area o f  8 2 as shown i n  figure 1. 

EBch aluminum ion is surrounded 4 oxide  ions.  During  hydration 

t h e  e n t i r e  surface is converted t o  hydroxyl  ions. The dehydration 

process was simulated by allowing  adjacent OH groups t o  combine and 

form water molecules which are desorbed. By randomly  removing two 

a d j a c e n t   h y h x y l   g r o u p s  at a time f r o m  t h e  surface one  eventually 

obta ins  a sur face   conta in ing   f ive   d i f fe ren t   types   o f  OH gmups as 

shown i n  figure 2. 

2 

The result of this statistical ana lys i s   re inforces  the  results of  

Peri  and H a n n a n ’ ~ ~ ~   i n f r a r e d  work,  where t h r e e  dis t inct   peaks were 

found i n  t h e  spectrum. The  model p red ic t s  t h a t  t h e  alumina surface 

w i l l  be qu i t e  complex unless   mobi l i ty   o f   the  OH groups is  possible.  

Only a t  extremely  high temperatures would mobility  of  the  hydmxly 

groups be poss ib le ,   thus   the   sur face   p roper t ies  of alumina will be 

determined by the   na ture  of the  hydmxyl  groups.  PedB showed t h a t  

hydroxyl groups a- still present a t  9OO0C and t he re fo re   s ign i f i can t  

mobili ty i s  not  likely.  Mobility  causing OH removal may be possible  

during tI’atlSfoITWtion t o   d i f f e r e n t   c r y s t a l  forms, f o r  example the 

change t o  alpha  alumina a t  1200°C. 



c 

0 Oxygen 

0 Aluminum 

figure 1. Ideal Gamma Alumina Surface (41) 
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De Boer, e t  al.43 s tudied   the   adsorp t ion   of  water on  four 

d i f f e r e n t  aluminas (g ibbs i t e ,  .\'-y mixture,  .\'-y-K mixture  and  boehmite) 

dried a t  12OO0C. Loss. of  weight at 1200°C after sa tura t ion   wi th  water 

vapor was d i r e c t l y   r e l a t e d  to t h e  amount of  adsorbed water. The  amount 

o f   t h e  adsorbed water physisorbed  and  chemisorbed was found by deter -  

mining  weight loss of   the 'a lumina a t  12OoC (physisorbed) and, f u r t h e r  

l o s s  after i g n i t i o n  a t  -1200°C (chemisorbed).  Chemisorbed water amounted 

t o  24.8 mg H20/100m and 33mg  H20/100m of  physisorbed water. The 

amount of  chemisorbed water found  on t h e   f o u r   d u m i n a s  was e s s e n t i a l l y  

t h e  same, which i s  no t   su rp r i s ing   s ince  no precaution was made t o  

prevent  conversion of the  a luminas  to   a lpha  a lumina by t h e  ,1200°C heat  

treatment.  

2 '  2 

De Boer, e t  used  the BET equation  to  determine  monolayer 

coverage  of water on the  alumina  of known surface area. The area of 

an adsorbed water molecule was determined t o  be 12.1 x on the  alumina 

using this method. 

2 

A f u r t h e r   s t u d y   o f  water adsorpt ion on alumina was reported by 

Morimoto, Nagao and  Inai.&  Their study made a comparison  of Si02, 

Al 0 and Si02-A1203 su r faces .   S i l i ca ,  which has been s tudied  

e ~ t e n s i v e l y , ~ ~  s h o w s  di f fe ren t   adsorp t ion   proper t ies   than  alumina.. 

AS silica is  heated a t  success ive ly   h igher   t empera ture   the  amount  of 

water adsorption  decreases,   because of the  formation  of  Si-0-Si 

l inkages  and  the  decrease  of  hydroxyl  groups.  Alumina,  however, showed 

an increase in   adsorpt ion  capaci ty   with  temperature   of   pretreatment ,  

The BET equation was u s e d   t o  calculate the  monolayer  ,coverage  and 

t h e  area occupied by each  adsorbed water molecule was c a l c u l a t e d   t o  

2 3  
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be 16.6f2. The  amount of  chemisorbed water was determined by t h e  

amount o f  water removed by heat ing at 3OoC unl ike   tha t   def ined  by 

de Boer, et  al.43 as water removed by heat ing at 12OoC. An important 

point   es tabl ished by Morimoto and  coworkers was that t h e  area o f   t h e  

adsorbed water was constant,  even  though  alumina showed increasing 

water adsorption  with  increasing  heat  treatment.   Therefore,  one  can 

pos tu la te  that the  adsorbed area does not  change  since H20 can  adsorb 

i n  two ways on an  alumina surface as shown i n  Figure 3. Figure 3A 

shows water adsorption on a dehydroxylated  surface  and Figure 3 B  shows 

t h e  adsorbed species on a hydmxylated  alumina  surface. Both adsorp- 

t ions  occur  through  the  formation  of  stmng  hydmgen bonds. Pe r i ' s  

workx at  elevated  temperature showed t h a t  a t  high  temperatures H20 

could form new hydroxyl p u p s  on  the  a lumina  sudace as i l l u s t r a t e d  

i n  Figure 4. 

The area of  adsorbed water, 16.68 , found by Morimoto, e t  al. 2 44 

is i n  good  agreement  with Peri's model of the  gamma alumina surface. 

However,  no precaution was taken by Morimoto to   i n su re  t h a t  the  alumina 

prepared by hydrolysis of  aluminum isopmpoxide was of a spec i f i c  

c r y s t a l l i n e  fonn, i.e., no  X-ray powder d i f f r a c t i o n  results were 

reported. 

One study  of  adsorption on alpha alumina was that of  Carruthers,  

M e ,  Sing  and  Stryker.46  Studying  alumina, silica and chromium 

oxide,  these  workers  determined surface area and  porosity  using 

nitmgen  and  argon  adsorption  and  or-plots.  This  pmcedure Showed that 

of the  aluminas  studied, (a, 8 and  gibbsite  calcined a t  8 O O 0 C ) ,  only 



Figure 3. Nature of  Water Adsorbed on  Alumina Surface 



Figure 4. Formation of €€ydroxyl Croups on Alumina Surface by 
Water'Vapor Adsorption a t  ELevated Temperatun% 



t h e   g i b b s i t e  was porous. By studying  adsorpt ion-desorpt ion  cycles  of 

water the  workers showed that   dehydrated  a lumina  surfaces  do exh ib i t  

the   type   o f   hydraphobic   charac te r   d i sp layed  by dehydmxylated silica. 

Qmpaxison  of water adsorption  on  alpha  and  theta  alumina showed t h e  

alpha dumina  adsorbed more water per unit area than  the  theta   a lumina.  

The authors  concluded that alpha alumina has a h i g h   a f f i n i t y   f o r  water 

with  chemisorption  taking  place a t  low p r e s s u r e   t o   f o n   h y d m q l  

groups  and  physical   adsorption  occurring on this hydroxylated  surface. 

Th i s   h igh   a f f in i ty   exh ib i t ed  by a lpha   a lumina   for  water is assoc ia ted  

with a marked tendency for exposed aluminum ions  t o  be rehydrated,  

thus  a l lowing  dissociat ive  chemisorpt ion  of  water followed by physi- 

sorpt ion.  

A comparison  of  the  adsorption  properties  of eta and gamma alumina 

was made by MacIver,  Tobin  and  Studying  the  hydration- 

dehydrat ion  cycle   of   the  two aluminas,  the  workers  found that eta 

and gamma alumina  contained  different  amounts of pre-adsorbed water. 

Removal of this water   produced  surface  acidi ty   in   the  a luminas which 

was invest igated  using  chemisorpt ion  of  ammonia. A later paper by 

MacIver, Wilmot and Bridges@ studied the   i n f luence  of t h i s   a c i d i t y  

on t h e  catalytic proper t ies   o f   the  two aluminas. 

Several   workers  have  studied  the  heats  of  adsorption of water 

on a u m i n a   u s i n g   c a l o r i m e t r i c  methods.  Every, Wade and Hackerman 

s tudied   the   hea t   o f  immersion i n  water of a lpha,  gamma and  an amorphous 

alumina  and  the effect of particle s i z e  and  outgassing temperature on 

the   hea t s   o f  immersion.  The t rend  observed was that as particle 

49 
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s i ze   dec reased   t he   hea t   o f  immersion  increased. . A dramatic d i f f e rence  

in t h e   h e a t   o f  immersion fo r   t he   a lpha . a lun inas   and   t he  gama aluminas 

was noted k t  could be due t o  a particle s i z e  effect. The alpha 

aluminas had l a r g e r  particle s i z e s   t h a n  the gamma aluminas. 

The inf luence  of   outgassing  temperature  was s tudied  by Every, 

e t  al.w by evacuat ion  of   a lumina  samples   to   torr   for  72 hours. 

The results showed t h a t  heats of immersion increased  w i t h  increas ing  

outgas   temDerature .   This   t rend  according  to   the  authors  seemed t o  

indicate  the  ex3.stence  of  adsorbed water above 20OoC. 

I n  a la te r  study  Every, Wade, and H a c k e n ~ a n ~ ~   i n v e s t i g a t e d   t h e  

difference i n  alpha  and gamma alumina toward water, n-hexane  and 

CH OH adsorotion. Alpha alumina adsorbed more H20 than gamma alumina 

per u n i t  area, kt no explanat ion of t h i s  d i f f e rence  was given. A l s o  
3 

t h e   q u a n t i t y  of water adsorbed increased  with increas ing   ou tgas  

temperature. 

Morimoto,  Shiomi and Tanaka51 s tudied  the  var ia t ion   o f   sur face  

axe3 of alpha and gamma alumina and measued the   hea t  of immersion 

i n  water. The sur face  area of gamma alumina began to decrease at 

6OO0C, whereas  the  alpha  alumina  surface area remained  constant. 

Heat of  immersion data f o r  both  aluminas showed a dependence  on  outgas 

t empera tu re   i n i t i a l ly   i nc reas ing   t o  a maximum a t  60O-65O0C then 

decreasing. 

Cochradle and R u d h a ~ n ~ ~  measured t h e  heat of immersion  of  alpha 

alUmina and gamma alumina i n  Hater after outgassing a t  30OoC. The 

hea t  of immersion for   a lpha  a lumina and gamma alumina ne- -773 and 

-648 mJ/m , respec t ive ly .  2 



A later study  of  heats  of immersion was t h a t  of  Hendriksen, 

Pearce and R ~ d h a m ~ ~  on  alpha  and gamma alumina  outgassed  from 100-6OO0C. 

Again a d i f fe rence   in   hea t   o f  immersion was found fo r   a lpha  and gamma 

alumina.  The heat  of immersion also increased  with  increasing  outgas 

tempemtun? ,   thus   ind ica t ing   tha t  more  surface  hydration  could be 

oCCurr5.ng. Cont rad ic tory   to   the   resu l t s  of  Morimoto, e t  al., 

Hendriksen  Pearce and Rudham5' found  that   the  surface of alumina 

outgassed at temperatures greater than 6OO0C did not  anneal  but 

r e t u r n e d   t o  i ts initial state when re-exposed t o  water. 

51 

I n  summary, measurement  of  water  adsorption on alumina has shown 

that   the   crystal l ine  phase  of   a lumina  inf luences  the  adsorpt ion pro- 

pert ies .   Several  d i f f e r e n t  mechanisms for water adsorption on  alumina 

can  take  place  depending on thermal pretreatments and the  temperature 

of  the  adsorption. Water can  form new hydroxyl p u p s ,  hydrogen bond 

t o  two h y m x y l   m u p s  o r  adsorb on  oxygen ions  on the  alumina  surface. 

The existence  of two f o n s  of adsorbed water (chemisorbed  and  physi- 

sorbed)  has been reported,  

F. Hydrogen Chloride  Adsorption 

Studies  of hydrogen chloride  adsorption on solid adsorbents have 

been l imi t ed  due i n  part to   the  experimental   d i f f icul ty   of   handl ing 

t h e   c o m s i v e  HQ and  the  previous  lack of recognition of the  importance 

of the   in te rac t ion .   S tudies  of H C l  adsorption  on N a B  and K 2 
ruti le,  55156 silica,40 evaporated metal films,57 metal ch lor ides  

supported on aluminas  and a l u m i n d 9  have been reported. 
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The inf ra red   s tudy  by P a r f i t t ,  e t  al.56 showed the  chemisorpt ion 

of hydrogen  chloride  on TiOZ t o   o c c u r  by t h e   r e a c t i o n  shown i n  

. F ' i g u r e  5A. The ex is tence   o f  a surface spec ies  as i n  Figure 5 B  

cons i s t ing  of a water molecule  coordinated  to a t i t an ium  ion   and   i n  

conjunction  with a ch lor ide   ion   g ives  r ise to   i n f r a red   abso rp t ion  

bands at 1565 and 3360 cm'l. 

Per i ,&  dur ing   adsorp t ion   s tud ies  on silica, found  tha t  H C l  was 

not  appreciably  adsorbed on t h e   s i l i c a   s u r f a c e .  

C. Hydrogen Chloride  Adsorption  Studies  on Alumina 

In  conjunction  with his in f ra red   s tudy  of the  hydrat ion  and 

rehydra t ion   of   the  gamma alumina surface, Peri42 s tud ied   the   adsorp t ion  

of H C l  on silica-alumina  and 

adsorpt ion on s i l ica-alumina 

of  the  adsorbent.  He stated 

react extensively  with gamma 

of HQ adsorpt ion was made. 

gamma alumina.  Peri  found that H C l  

prevented  adsorption of  CO on a-sites 

t h a t  H C l ,  NH and many o t h e r  adsorbates 

alumina  but no q u a n t i t a t i v e  measurement 

Peri pos tu l a t e s   t ha t   t he   adso rp t ion  site 

2 

3 

o r  "a-site" i s  a "strained"  oxide  l idrage.  On alumina  the a-site was 

p o s t u l a t e d   t o  be A 1  0 Al+ and  on  silica-alumina; Al+O--Si. These 

sites chemisorb HQ t o  form Al-OH---Cl-Al .  

+ 2- 

In   ano the r   pape r   Pea7  made a n  

hydmgen  chlor ide  react ion  with  the 

alumina  aerogel   plates   outgassed a t  

in f r a red   i nves t iga t ion  of  t he  

surface of  gamma alumina.  Using 

8OO0C, Per i   found  tha t  H C l  adsorp- 

t i o n  at 5OoC gave  an  absorption band a t  3500 cm-l, ass ignable  t o  

hydmgen  bonded  hydroxyl groups. Bands  which  would result f r o m  

Q-0 and Al-Q were not  i n  the  frequency  nnge  of  the  study. 

Desorption  of H C l  removed some of t h e  OH groups. Using a deuterated 



Ti 0, 4t / *  
H 

Figure 5. Adsorption of Hydrogen Chloride on Ti02 
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alumina surface, Peri obse rved   t ha t  HQ did not  react wi th  the o r i g i n a l  

deuteroxyl  gmups i n  s t rong   p re fe rence   t o   t he  bare oxide surface. 

perf 7 also s tud ied   t he   adso rp t ion  of HQ at elevated  temperatures  

(6OO0C), t h e  effect of  preadsorbed HQ on c02 adsorpt ion  and  the 

c a t a l y t i c   a c t i v i t y   o f  H C l  treated  alumina  toward  butene  isomerization. 

Tanaka  and Ogasawam9 inves t iga ted   the   in f luence  of HQ p r e t r e a t -  

ment on t h e  catalytic a c t i v i t y   o f  alumina and silica. In  agreement 

Hith  Peri7’42  they  found  that   chemisorption  of H C l .  on dry alumina 

procuces new hydmgen  bonded hydroxyl groups on the   sur face .  The 

adsorpt ion on  alumina o u t s s s e d  at 5OO0C was very   rap id   and   imever-  

s i b l e  a t  mom temperature ,   g iving a m a x i m u m  adsorpt ion of 3 x 10 

molecules/cm . The new hydroxyl q u p s  formed by HQ adsorpt ion are 

protonic  and participate i n  n-butene  isomerization as Bronsted acid 

sites. Hydrogen ch lor ide  was adsorbed minimally  on t h e  s i l i c a   s u r f a c e  

and the   i somer iza t ion  of n-butenes  on  NQ-exposed silica did not  occur. 

Further  studies  of  HCl-treated  alumina  catalysts were c a r r i e d  

14 

2 

out  by Ogasawara,  Takagawa  and Takahashi.” These  s tudies  showed 

t h a t  HCl t r e a t e d  gamma a lumina   increased   the   ca ta ly t ic   e f f ic iency  

during diphenylammine synthesis .  

Wightrnan6’ used a Calvet  microcalorimeter  to measure the heats of 

immersion of  alpha  and gamma alumina i n  water and hydrochloric acid. 

The measurements were performed a t  different   outgas   temperatures   and 

H C l  concentrat ions.  Heats of immersion  of  aluminas i n  water were 

found t o  increase with  increasing  outgas  temperature.  The heat  of 

immersion  of alpha  alumina was less than t h a t  of gamma alumina.  In 

hydmchloric  acid, the  heat  of immersion increased f r o m  -888 mJ/m 

* 

2 

*These ca lor imet r ic  s t u d i e s  a re   descr ibed  i n  detail  i n  Appendix 1 2 .  
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ta -1829 mJ/m as the  outgas  temperature was va r i ed  from 80' t o  

400°C for   a lpha   a lumina .  Gamma alumina outgassed at 100' and 400°C 

gave -727 and -1728 mJ/m2,  respect ively.   Variat ion of the  heat   of  

immersion  of  alpha  alumina  outgassed at 2OO0C with HQ concentration 

was not as pmnounced,  giving -1134 mJ/m2 f o r  0.001 M I f C l  and -1351 

mJ/m f o r  0.1 M H U .  

2 

2 

Tyree, in a series of   repor t s ,  61"63 studied  the  solut ion  chemistry 

of t h e  HC1-A1 0 system. Measurement of vapor  pressure  changes i n  

the  system was used t o  determine which o f   t h e   f o u r   r e a c t i o n s  shown 

i n  figure 6 would occur. 

2 3  

Using two different aluminas, t h e t a  alumina and mixed A l ( O H ) , ,  
J 

s igni f icant   d i f fe rences   in   vapor   p ressure   lower ing  were found upon 

add i t ion  of the   a luminas   to   vary ing   concent ra t ions  o f  hydrochloric 

acid.  An o b v i o u s   d i f f e r e n c e   i n   t h e   r e a c t i v i t y   o f   t h e  two aluminas was 

no ted   i n   t he  fact  t h a t  a l a rge r   dec rease  i n  vapor pressure i n  a s h o r t e r  

time was obse rved   fo r   t he  mixed alumina, Al(0H) Changes i n  pH of 

HU/alumina s l u r r i e s  were a l s o  measured. 
3' 

I n  summary the  following  conclusions  can be made a b u t   t h e  

HQ/alumina in t e rac t ion .  HC1 adsorbs on alumina rapidly and irre- 

v e r s i b l y   t o  form  hydroxyl w u p s .  These  hydroxyl  groups  are  important 

in some catalytic react ions.   Deuterat ion  s tudies  have shown t h a t  HC1 

reacts p re fe ren t i a l ly   w i th   t he  bare oxide  surface.  Again, as i n  t h e  

case of water adsorp t ion ,   the   hea ts  of immersion show the  importance 

Of OUtgaSSinC: temperature on hydrogen  chloride  adsorption. 
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1. H20(g) + A1203 - A l ( O H ) 3  surface  react ion 

2. A1203(s) + H20(g) - A 1  0 ( s )  + H20(1) (on the A1203(s)) 2 3  

3 .  HQ(g) + H20(1) - HQ(aq) 

4. HCl(aq) + A l ( O H ) 3 ( s )  - AlC13(aq) 

5. AlCl+d + A l ( O H ) j ( s )  - A1(OH)nQ3-n(aq) 

6. AI.(OH)nCl (as) - Al(OH)3(gibbsite) + AlCl (aq) 3-n 3 

Flgure 6. Pmbable  Reactions  that  Occur in a System 
Containing Aluminum Oxide, Water Vapor and 
Hydrogen Chloride (61-63) 



H. ESCA Stud ies  

The 1967 monograph by Siegbahn, e t  al.& descr ibed   the   ana lys i s  

of photoelectrons as a probe of surface composition. The technique 

was designated ESCA, electron  spectroscopy  for   chemical   analysis .  In 

ESCA, a s o l i d  sample i s  i r r ad ia t ed   w i th  X-rays  followed by ana lys i s  

of t h e  kinet ic  energy of  the  photo-ejected  e lectron.  The k i n e t i c  

energy of t h e   e l e c t r o n  (K.E.) i s  re l a t ed   t o   t he   ene rgy   l eve l  f r o m  

wNch it was e j e c t e d  by the   equat ion:  

hv i s  t h e  energy of t he   i nc iden t  X-rays, B.E. the  binding  energy of 

the  photo-ejected  e lectron  and @ t h e  work funct ion of the  spectrometer.  

Slight  changes  in  the  electronic  environment  produce a chemical s h i f t  

in   e lectron  binding  energy  and  the  chemical   shif t   can be used as a 

method o f   q u a l i t a t i v e   a n a l y s i s .  

The ESCA technique  has  found numerous app l i ca t ion   i n   s tudy ing  

surfaces  and  adsorbed  species. Reviews  have  been presented by 

Hercules 65’66 and  current ly   the  use of ESCA as a quant i ta t ive   sur face  

technique i s  being  studied. 67 ,68 

Kishi  and  Ikeda 69 reported  an ESCA study of chlor ine  gas   adsorbed 

on evaporated metal films of  Fe, N i ,  Pd, A g ,  and Au. On exposure t o  

Q2 gas   the  Q 2p photoe lec t ron   l ine  was recorded.  For ( I 2  t r e a t e d  

AU t h r e e  peaks were observed i n   t h e  C1 2p region a t  binding  energies 

197.0, 199.4 and 201.4 eV, t h e  Pd subs t r a t e  showed only  one  peak,’ 

whereas all the   o ther   ch lor ine   t rea ted   meta l   adsorbents  showed two 
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peaks i n  t h e  Q 2p region. The Q 2p binding  energy was found 'to 

depend  on t h e  amount of adsorbed chlor ine .  Chemical shifts i n  t h e  

metals v a r l e d  fmm +3.3 eV f o r   t h e  Fe  2p to  -0.3 eV for t h e  Ag 3d5y2. 

These  chemical shifts w e r e  compared with  the  chemical  shifts of  known 

metal ch lor ide  compounds as a means of i d e n t i f y i n g   t h e  surface species. 

3 / 2  

An ESCA study of aluminum oxides  was reported by Lidsay, e t  al. 70 

These  workers  measured  the A1 2p e l e c t r o n   s p e c t r a  of several   anhydmus 

and hydrated aluminum oxides.  The compounds and t h e   r e s u l t s   o f   t h e  

ESCA binding  energy  measurements are p resen ted   i n   Tab le  I. The data 

shows a decrease i n  binding  energy  with an inc rease   i n   t he   moun t   o f  

p o s i t i v e l y   c h a r g e d   i o n s   i n   t h e  solid. The t r e n d  was explained by t h e  

fact that t h e   e l e c t r o n e g a t i v i t y  of oxygen i s  higher  than  hydroxyl 

groups,   thus  the  binding  energy of t h e  A l  core  electrons i s  higher  

than those  of t h e  aluminum hydmxides. 



TABLE I 

BINDING ENERGY, PEAK WIDTH, AND CHEMICAL S H I F T  

OF AI. (2p) GLECX'RONS I N  A L U M I N U M  OXIDES(?O) 

Compound 

a-A1203 

2'4 
a-AlO(0H) 

P-AlO(011) 

a-Al (OH)  

8 - f i  (OH) 

Full Width 
Half Max 

(ev) 

2.25 

2.50 

2.26 

2.46 

2.35 

2.40 

Binding Energy 
(ev) 

76.3 2 0.1 

75.3 5 0.1 

74.8 2 0.1 

75.7 2 0.1 

74.9 0.1. 

74.7 2 0.2 

C h e m i c a l  
S h i f t  
0 

1.0 

1.5 

0.6 

1.4 

1.6 

I 



111. EXPERIMENTAL 

This   sec t ion   descr ibes   the  materials, cha rac t e r i za t ion   t echn iques ,  

and the  experimental   procedures used i n  t h i s   s t u d y .  Data reduct ion 

procedures are also presented. 

A. Description  of Materials 

1. Adsorbates: The adsorbates  used were n i t rogen ,  water and 

hydrogen chloride.  Reagent  grade  (purity 9%) anhydrous  hydrogen 

ch lor ide  was obtained  from Matheson Company. Nitrogen  used  in   the 

surface area measurements was of u l t r a   h i g h   p u r i t y  (9%) obtained 

from Matheson. Water vapor was produced by u s i n g   d i s t i l l e d  water 

which  had  been degassed by repeated freeze-thaw  cycles  on  the vacuum 

system. 

2. Adsorbents: Two aluminas were used as adsorbents.  The gamma 

alumina was obtained from t h e  Cabot Corporat ion,   bs ton,   Massachuset ts  

and is a high  surface area alumina  designated Alon-C.  Alon-C is a 

fumed alumina  produced by the   hydro lys is   o f  aluminum c h l o r i d e   i n  a 

flame pmcess ,  similar to  t h e  method descr ibed by F‘ricke and  Jockers. 

According to   t he   manufac tu re r ,  Alon-C is predominantly gamma alumina, 

having a surface area of approximately 100 m / g  and  an  average 

particle s i z e  of 0.03 micmns. X-ray powder d i f f r a c t i o n   p a t t e r n s  of 

Alon-C using Cu K rad ia t ion   conf i rmed  tha t  Alon-C was indeed  pre- 

dominantly gamma alumina. 
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2 

a 

The alpha  a lumina  used  in   the  s tudy was obtained  from  the Aluminum 

Company of America, Pittsburgh,  Pennsylvania  and  designated u6z. 

A16X i s  produced by heat ing a t rans i t ion   a lumina  a t  15’j7Oc, A c c o f i ~  

26 



t o  the  manufacturer,  U6SC i s  an  alpha  alumina  with a particle size 

(1 micron. X-ray powder d i f f r a c t i o n  patterns of Al6SG exhib i ted  

d i f f r a c t i o n   l i n e s  characteristic of alpha  alumina,  confirming  that  

Al6SC is an alpha  alumina. 

B. Characterization  Techniques 

1. Surface Area Measurements: An important  property to  consider  

when s tudying   the   adsorp t ion   proper t ies  of so l id   adso rben t s  I s  t h e  

surface area. The surface areas of alpha  alumina  and gamma alumina 

were determined by t h e  BET method described by Gregg and Sing. 

The  system  and  experimental  procedure  has  been  previously  described 

by Hendley, O'Neal and  Wight~nan.'~  Prior t o   t h e   s u r f a c e  area measure- 

ments,  the  aluminas w e r e  ou tgassed   fo r  2 h r s  at 100, 200 and 400°C 

at ( lo+  t o r r ) ,  which corresponded to   the   thermal   p re t rea tment   used  

in  t h e  hydrogen  chloride  and water vapor  adsorption  studies.  
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2. Nitrogen  Adsorption-Desorption  Measurements:  Adsorption  and 

desorpt ion  isotherms of ni t rogen w e r e  measured on both  aluminas. The 

Same system and  adsorption  procedure as t h a t  described by Hendley, 

O'Neal and Wightrnan7' was employed. Desorption  measurements were made 

by successively  increasing  the volume of  the  system by a p r e c a l i k a t e d  

amount us ing  a gas buret.  The i n i t i a l   p r e s s u r e  of the   n i t rogen  

adsorbate was approximately  1200  torr  SO that the   adsorp t ion  - 
desorpt ion  cycle   could be measured at r e l a t i v e   p r e s s u r e  (€'/Po) values  

up t o  0.95, t hus   caus ing   cap i l l a ry   condensa t ion   i n   t he  pores. The 

method  of c a l c u l a t i n g   p o r e   s i z e   d i s t r i b u t i o n  f r o m  ni t rogen  adsorpt ion - 
desorpt ion data is  descr ibed by Gregg  and  Sing. 74 
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3. Scanning  ELectron  Microscopy (SEM) I P a r t i c l e   s i z e   a n d  

topography were s tudied   us ing  an Advanced Metals Research  Corporation 

Model 900 scanning  electron  microscope  operating a t  20 kV. Photo- 

micrographs of alumina  samples after var ious   t rea tments  were taken 

a t  l O O X ,  l O O O X  and 5000X magni f ica t ion .   bergy   d i spers ive  X-ray 

a n a l y s i s  (EDAX) of t h e  alumina particles was p r f o m e d   u s i n g   a n  

In t e rna t iona l  Model 707A u n i t  attached t o  t h e  microscope. 

Photomicrographs were taken of both  aluminas,  untreated and 

after outgassing,  exposure  to hydrogen ch lo r ide ,  washing wi th  

d i s t i l l e d  water, and after contact  wi th  0.1M hydrochloric acid. 

The samples were mounted on t h e  SEN sample s tubs  with copper  conductive 

tape. The alumina  samples were subsequently vacuum coated   n i th  a t h i n  

f i lm  of  Au/Pd a l loy .  

4. Qectron  Spectroscopy for Chemical Analysis (ESCA) I 

Qualitative  analysis  of  both  adsorbents  before  and af ter  exposure 

to hydrogen chloride  and  solution  measurements was made with  an AEI 

E S l O O  photoelectron  pectronleter using A l  Kq r a d i a t i o n  (1486.6 keV) 

Data acqu i s i t i on  was accomplished wi th  a n  AEI Ds-100 data system 

and a Digital PDP-8/e computer. 

The alumina  samples were mounted on copper  sample  probes, by 

applying  f inger   pressure.  The s t i ck ing   d i f f i cu l ty   encoun te red   i n  t h e  

i n f r a r e d  disk preparat ion as described i n  Appendix 1 was used as an 

advantage i n  mounting t h e  alumina samples on the ESCA probe. 

S t u d i e s   t o   i n s u r e  t h a t  t h e  two aluminas were pure and did not 

contain a surface  coat ing were accomplished by wide scan FSCA spectra. 



Wide scan spectra f r o m  0 eV t o  743 eV binding  energy w e r e  ob ta ined  

on un t r ea t ed  alumina and on  alumina which had been  washed three times 

w i t h   d i s t i l l e d  water. 

The nature  of the  adsorbed  hydmgen  chlor ide  species  was 

inves t iga t ed  using narrow scan ESCA spectra. ESCA spectra f o r  

Al 2s1/2' Al 2p, 0 Is and C l  2p peaks were obta ined  on  alumina 
1/2 

before and after treatment  with  hydmgen  chloride. The same peaks 

o f   t h e  model compound, A l C l  were a lso   s tud ied .   Cal ibra t ion   of   the  

binding  energy of the  samples was performed by monitoring  the C Is 

peak. 

3' 
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C. Adsorption Measurements 

1. System: Gas adsorption  measurements  nene  performed i n   t h e  

vacuum system shown schematically i n  figure 7. The pyrex vacuum 

system could be evacuated t o  a base p res su re   o f   t o  loe6 t o r r  by 

use of a mechanical pump (MP) and a mercury d i f fus ion  pump (DP) . 
Pressure was measured us ing  an i on iza t ion  gauge ( I G ) .  The pumps 

were i s o l a t e d  from the  system  with a l i q u i d   n i t r o g e n   t r a p  (LKT). The 

r e s e r v o i r  bulbs (a), (RB) , (RC) , (RD) , and (RE) were used f o r   s t o r i n g  

gases introduced  into  the  system  through  valve (VG). 

The sect ion  of   the  system below valve ( V 6 )  was used to  introduce 

and remove gases f r o m  t he  system. This   sec t ion   cons is ted  of a gas 

tank (C) , mercury manometer ( M )  , helium i n l e t  (HE), l i qu id   n i t rogen  

t r a p  (Kp), a t r ap   con ta in ing   s a tu ra t ed  sodium hydroxide (EI'), potassium 

sulfate t r a p s  (ST1, ST2) immersed i n   l i q u i d   n i t r o g e n ,   T e f l o n   v a l v e s  

( V 6 ) .  (V7), ( V 8 ) .  ( V 9 )  and  valves (V10) and PC) and a mechanical pump (SP) . 

i 



v5 

LNT 

v4 

3 GB 

r 

0 
CM 

vc VD 
I 

‘2 

‘3 

2 M 

lv6 IC 

W 
0 

F‘igure 7. Schematic of Adsorption Apparatus 
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The  system below va lves  (V2) and V4) was t h e  cri t ical  sec t ion  

when? the  adsorption  measurements w e r e  performed.  This  section 

consisted  of  Teflon  stopcocks ( V l )  , (V2). (V4), and (VW), a constant  

volume  manometer (cM), a g a s  buret (GB) cons i s t ing  of a series of 

p r e c a l i h t e d   b u l b s  (Bl - B6), a bulb  containing  degassed water ( W )  

and  the sample bulb (SB). The sample M b  could be surrounded by 

e i t h e r  a constant   temperature   bath  or  a furnace.  The  bath temperature 

was con t ro l l ed   u s ing  a mercury  thermoregulater  connected  to a Fischer  

Model 51 Unitized Bath Control. The sample heater was a tube  furnace 

(Hoskins n e c t r i c  Company) p laced   in  a v e r t i c a l   p o s i t i o n ,   t h e  temper- 

a t u r e  was c o n t r o l l e d  by use  of a powerstat   and  s tabi l ized by connection 

t o  a constant   vol tage  t ransformer.  The temperature of   the   hea te r  was 

measured  using a chromel-alumel  thermocouple  attached  to  the wall of 

t h e  sample bulb  and  connected  to a Themo Electric MiniMite  thermo- 

couple   cont ro l le r .  

2. Introduction  and Removal of Gases from the  System; Gases 

were introduced  into  the  pre-evacuated  system by the  following  procedure: 

with  stopcocks ( V 8 )  and @lo) opened and a l l  the  other   s topcocks  c losed 

gas  was in t roduced   in to   the   sec t ion  between stopcocks (V6) and (V9) 

by opening (VG) t o   t h e   g a s   t a n k .  The pressure was measured  on mano- 

meter (N), then (V6) was opened  and  the gas was t r a n s f e r r e d   t o   t h e  

main manifold.  Typically 760 t o r r  o f  gas would be s t o r e d  i n  t h e  

reservoi r   bu lbs  by opening  valves (VA - VE). 

Hydrogen ch lo r ide  was removed from t h e  system  through a s e r i e s  

of traps.   Valves were closed  except (VI), (VZ), (v6),  (v9),  and (v8). 

The hydrogen ch lo r lde  was condensed  into  tray (IT") surrounded by l i q u i d  



nitrogen, (V9) was then  closed  and  helium was in t roduced   i n to   t he  

system between (V9) , (VT) , (VlO) , to   a tmospheric   pressure.  Valve (VT) 

was then  opened  and  the  l iquid  ni t rogen  s lowly removed f r o m  (W),  t he  

condensed  hydrogen  chloride  expanded  and  flowed  into  trap (Bl') con- 

t a i n i n g  a s a t u r a t e d  N d H  solut ion.  Any hydrogen  chlor ide  that  was 

not   neut ra l ized  was then   t rapped   in   the   po tass ium  su l fa te   t rap  (S2) 

sur romded by l iqu id   n i t rogen .  After a l l  the  hydrogen  chloride  had 

evaporated,  the  system was purged  with  helium for   severa l   minutes ,  

valve (VT) was closed  and  valve (V10) to  the  secondary pump was opened. 

3.  Sample Outgassing  and  Pretreatment;  In a typ ica l   adsorp t ion  

determination  approximately  0.lg  of gamma alumina o r  approximately 

1. Og of alpha  alumina was weighed i n t o   t h e  quartz sample bulb (SB) . 
The  sample was pretreated  befom  the  adsorpt ion measurement by t h e  

following  procedure. The e n t i r e  system  between valves  (V6) and ( V l )  

was evacuated t o  t o  loe6 t o r r .  The sample  bulb (SB) was placed 

on the  system  and  valve ( V l )  opened  slowly u n t i l  the   Hast ings vacuum 

gauge (PG) measured c0.5 t o r r .  The h e a t e r  was then  placed  around  the 

sample bulb and  hea ted   for  2 hrs under vacuum at the  outgas  temperature 

measured by the  thermocouple. After heat ing,   the  sample was immersed 

i n  the  constant  temperature  bath a t  the  desired  adsorpt ion  temperature .  

Preliminary  experiments  using water vapor  adsorption on gamma alumina 

e s t ab l i shed  this pretreatment  procedure. 

4. Gas Adsorption Measurementt  The gas adsorption measurements 

were performed in   t he   cons t an t  volume system below valves  (V2) and ( V 4 ) .  

After Pretreatment  of  the sample the  following  adsorption  procedure was 
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used.  With a l l  s topcocks  c losed  the volume of  the  system was 

adjus ted   us ing   the   gas  buret (GB), usua l ly   the  mercury l e v e l  was 

f i x e d  between bulbs (B5) and (I%). Helium was in t roduced   in to   the  

system  through  valves (VHE) , (V9) , (V6) and (V2). Valve (V2) was then 

closed  and  the i n i t i a l  pressure  measured  using  the  constant volume 

manometer (CM) . A cathetometer   (Gaertner   Scient i f ic)  was used t0 

read   the  manometer (prec is ion  2 O.O5mm). Valve (Vl) was opened  and 

helium  expanded i n t o   t h e  sample  bulb.  The f ina l   p re s su re  was measured 

and by use  of  the ideal gas  law t h e   f i n a l  volume was calculated.  The 

i n i t i a l  volume was known from previous  calibration  with  helium. After 

this volume ca l ib ra t ion ,   va lve  (V2) was opened  and the  system  evacuated 

t o   t o   t o r r .  The adsorpt ion measurement was performed i n   t h e  

same manner.  The adsorbate was introduced f r o m  a reservoi r   bu lb  

through  valve (V2) with  valve ( V l )  c l o s e d ,   t h e   i n i t i a l  Dressure was 

measured.  Valve (Vl) was opened  and after equilibrium was es t ab l i shed  

the  experimental   pressure was read using t h e  manometer  and  cathetometer. 

The sample  bulb  stopcock (Vl) was then  closed  and  another  dose  of 

adsorbate  introduced  and  the  pressure was measured. Valve  (Vl) was 

then  opened,  the  equilibrium  pressure measured and  the  second  adsorp- 

t i on   po in t  was obtained.  This  procedure was con t lnued   un t i l  an e n t i r e  

isotherm was obtained. 

l3y t h i s   p r o c e d u r e ,   t h e   i n i t i a l   a n d   f i n a l  volumes are known f r o m  

the  hel ium  cal ibrat ion.  The i n i t i a l .  and equi l ibr ium  pressures  axe 

determined. Using these   parameters   and   the   idea l   gas  law one  can 

ca l cu la t e   t he  ideal pressure  assuming  that  only  gas  expansion  occurred. 

The d i f f e rence  between the   equi l ibr ium  pressure   and   the   idea l   p ressure  



can be related t o  the  amount of gas adsorbed by use  of t he  ideal 

gas law. A sample c a l c u l a t i o n  of an adsorption isotherm using the  

experimental data is presen ted   i n  Appendix 2. 

5. Readsorption Procedure; The r e v e r s i b i l i t y   o f   t h e  hydrogen 

chlor ide and water vapor  adsorption was tested by performing 

readsorption  experiments.  The  readsorption  experiment  consisted 

of evacuat ing  the sample bulb after the i n i t i a l  adsorption isotherm 

was obtained. The evacuat ion  typical ly  lasted 18 t o  20 hrs and H a s  

c a r r i e d   o u t  a t  the  adsorption  temperature,   then  another  adsorption 

isotherm was measured, 

D. Solution  Measurements 

In   conjunct ion with calorimetric studies  performed by Wightman 60 

some so lu t ion   properb ies  of the  aluminas were measured. pH changes 

of  hydrochloric acid so lu t ions  upon addition  of  alumina were determined 

as well as s o l u b i l i t i e s  of the alpha  and  gama  a lumina  in   hydrochlor ic  

acid  and dist i l led water. 

1. S o l u b i l i t y  Measurement: A s tock   so lu t ion  of 0.W HC1 was 

prepaxed by di lu t ion   of  a Hellige standard  hydrochloric acid so lu t ion  

R1193C t o  1000 cc with  double distilled, deionized water. 40cc 

a l i q u o t s   o f   t h i s   s t o c k   s o l u t i o n  o r  water were placed i n  a f l a s k ,  0.lg 

of  alumina was in t roduced ,   the   so lu t ion  was heated to   nea r   bo i l i ng   fo r  

15 minutes   and  then  s t i r red f o r  two hours. The  alumina/O.lN Ha o r  

dumina/water   solut ion was then  centrifuged  and filtered. The concen- 

t r a t i o n  of aluminum i n   t h e s e   f i l t e r e d   s o l u t i o n s  was determined  using 

a Perkin Elmer Model 503 Atomic Absorption spectrometer equipped with 
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automatic Cugltal readout  of  concentration. A single  element  hollow 

cathode lamp (Perkin Elmer) was employed in   t he   de t e rmina t ion   o f   t he  

aluminum. Standards w e r e  prepared by d i lu t ion   o f  a stock  1000 ppm 

solu t ion ,  as descr ibed by Smith  and  Parsons.75 To insure that no 

aluminum contamination was p r e s e n t   i n   t h e  HCl solut ions  and dist i l led 

water the  aluminum concentrat ion  of   blank  solut ions  of  water and 0.1N 

H a ,  t r e a t e d   i n   t h e  same manner  but  containing no alumina, was 

measured. The r e s u l t s  of t h e   s o l u b i l i t y  measurements axe presented 

i n  Appendix 3. 

2. pH Measurement; The change i n  pH of d i lu te   hydrochlor ic  

acid solut ions  and water upon addi t ion  of alumina was recorded  using 

an  Orion  Research Model 701 pH Meter and Thomas Universal  Combination 

Electrode.  Approximately 0.1 g of gamma alumina o r  1.0 g of a lpha 

alumina was weighed and hea ted   i n  a l a b  oven at 100°C f o r  one hour. 
These  weighed  alumina  samples were placed  in  5 cc of solution  and 

s t i r red  constant ly   thmughout   the  experiment .  The pH was measured 

before addi t ion  of the  alumina  and a t  time intervals of 10, 60 and 180 

minutes. 

E. Data Reduction  Procedures 

1. Adsorption  Isotherms:  Experimental data o b t a i n e d   i n   t h e  

adsorption  system w a s  reduced  to   the amount of gas  adsorbed by 

employing  equations based on t h e   i d e a l  gas law. The  amount adsorbed 

was ca lcu la t ed  by the   fo l lowing   equat ions :  
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5 - Ro 1 P1 

Rz - R = PExp 0 

- PI X VI + P2 X VSB - VT 

P = Pm - Pap 

N =  P X V T  
i R X T X W  

n 
N = C N i  
s i  

where: Ro = Zero  point se t t ing of  cathetometer. 

% = In i t ia l   ca the tometer   read ing   before  sample  stopcock 
was opened. 

R2 = Cathetometer  reading af ter  equilibrium i s  es t ab l i shed .  

P2 = Pressure i n  sample bulb after V 1  was closed f o r  next 
dose of gas. P2 is e q u a l   t o  PED in   p rev ious   de t e r -  
mination and P2 i s  z e r o   i n   i n i t i a l   a d s o r p t i o n .  

VI, VSB and VT = The i n i t i a l  volume,  sample h l b  volume 
and t o t a l  volume, r e spec t ive ly ,  which were determined 
using helium expansion. 

R = I d e a l   g a s  law constant  in appropr ia te   un i t s .  

T = Adsorption  temperature. 

W = Sample weight. 

The following parameters are ca lcu la ted   us ing   equat ions  1 - 6: 
P1 = Init ial  pressure  of   adsorbate .  

= Equi l ibr ium pressure  (experimental). 

= Calculated  pressure i f  only expansion  occurred. pCAL 
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Ni = N u m b e r  of  moles of adsorbate/gram adsorbent adsorbed 
on  the  sample af ter  each  dose. 

NS = T o t a l  number of  moles  adsorbate/parn  adsorbent 
adsorbed. 

A t y p i c a l  data t a b l e  and  sample ca l cu la t ion  i s  g i v e n   i n  Appendix 2. 

2. Monolayer volume and Adsorbate Area: The monolayer  volume 

i s  defined as the   quan t i ty  of adsorbate requi red   to   cover   the   adsor -  

bent   with a monomolecular l aye r .  The monolayer volume is used t o  

determine surface areas of f ine ly   d iv ided  and  porous  solids.  The 

adsorbate area is defined as the  area occupied by an  adsorbate  mole- 

cule   on  the  adsorbent  surface. The adsorbate  area uas   ca l cu la t ed  

using  the  monolayer volume of the  adsorbate   and  the  ni t rogen  surface 

area of  the  adsorbent.   Several   methods 11*14*74 of c a l c u ~ a t ~ n g  monolayer 

volume fmm adsorpt ion data have  been descr ibed  including  the BET 

method and Langmuir t reatment .  

The  Brclnauer, Fhmett , and T e l l e r  method (BET) was used   t o  calculate 

t h e  monolayer volume of water adsorbed on gamma alumina ( Alon-C) and 

alpha  alumina (A16SG). The BET equat ion was used in the   fo l lowing  

form : 

X 1 + IC - L ) X  
”=- NmC 

where X = - P 

and P = Equilibrium  pressure of water vapor 

Po = Vapor pressure of water at the  adsorpt ion  temperature .  

N = N u m b e r  of  moles H,O/grm adsorbent  a t  each  pressure.  



38 

c = A c o n s t a n t   r e l a t e d   t o   t h e   h e a t  of adsorption  and i s  
c h a r a c t e r i s t i c  of t h e  gas/solid system. 

Nm = Monolayer capac i ty   in   moles  H , O / p a m  adsorbent.  

N z -  1 
m m + Y  

uhere Y and m are the   y- intercept   and  s lope of a p l o t  of x/N (1-X) vs. 

P/Po. The slope and  y-intercept were evaluated  using a l i n e a r  least 

squares  computer  program  on a Digital PDP 8/1 computer. 

The area of the  adsorbed water on t h e  alumina was cdlcu la ted  by 

the   fol lowing  equat ion : 

A =  c 
Nm ' No 

where: Nm = Monolayer capaci ty  of t h e  adsorbate 

N = Avogadro's number. 0 

C = BEl' ni t rogen  surface area of the   adsorbent   in   appropr ia te  
u n i t s .  

and t h e r e f o r e ,  A i s  t h e  area occupied by each adsorbed water molecule 

i n  square angstroms. 

The  monolayer capaci ty  of adsorbed  hydrogen  chloride  on  the 

alumina was calculated using  the  fol lowing form of t h e  Langmuir 

equation I 

where : P = Equilibrium pressure  of  hydrogen  chloride.  

N = N u m b e r  of moles of H C l / q a m  adsorbent. 
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b = Constan t   charac te r i s t ic  of the  system. 

N, = Monolayer  capacity i n  moles HCL gram adsorbent. 

The monolayer  capacity is  e q u a l   t o   t h e   r e c i p r o c a l  of the  slope of t h e  

l i n e  obtained by p l o t t i n g  P/N v s  P. The adsorbate area of H C l  is 

ca lcu la t ed  f r o m  the  monolayer  capacity  in  the same way as t h e  area 

of the  adsorbed water molecule (see equation 9 ) .  

3. I s o s t e r i c  Heat Calculation: The  thermodynamic p r o p e r t i e s  of 

a gas/solid  system can be de termined   e i ther   d i rec t ly  f r o m  gas phase 

calorimetry o r  i n d i r e c t l y  by mathematical   analysis  of  several  

adso rp t ion   i so the rms .   In   t h i s   s tudy   adso rp t ion   i so thens  a t  t h r e e  

temperature s were used t o   c a l c u l a t e   i s o s t e r i c   h e a t s   o f   a d s o r p t i o n  a t  

various  surface  coverages.  The i s o s t e r i c  h e a t  i s  a d i f f e r e n t i a l  

quant i ty   ca lcu la ted   us ing   the   i so therm data and the  Clausius  Clapeyron 

equat ion   in   the   fo l lowing  form 

c 

where : qst = I sos t e r i c   hea t  of adsorption. 

R = Ideal gas constant .  

P =I Equilibrium pressure. 

T = Adsorption  temperature. 

N = Moles adsorbate/grarn  adsorbent 

The isosteric heat was ca lcu la t ed  from a p lo t   o f   In  P v s  1/T at constant  

coverage. The slope of  t h i s  l i n e a r   p l o t  is equal to -qSt/R. 

Accurate determination  of  values  of  In P a t  constant  coverage was 

facilitated by computer f i t t i n g   t h e   i s o t h e r m  data. Clark, Holm, and 
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B l a ~ k k U n ' ~  used a Freundl ich  plot  (log P vs log N) t o  f i t  isotherm 

data of ammonia adsorpt ion on s i l i ca -a lumina   i n . the   ca l cu la t ion   o f  

thermodynamic p rope r t i e s .  A comparison  of  hydrogen  chloride  and 

water v a p r  isotherm data by t he  BET, Langauir and Freundlich 

equat ions showed that the  F'reundlich equation  gave  the best f i t ,  

that is  t h e  least deviat ion from l i n e a r i t y ,  of the  experimental data. 

A "Focal"  computer program for c a l c u l a t i n g  N v s   I n  P from  experimental 

data u s i n g   t h e  Freundlich equation i s  shown i n  Appendix 4 .  The compu- 

t e r  program used t o   c a l c u l a t e  t h e  isosteric h e a t  of   adsorpt ion  using 

the  Freundlich  pmameters i s  described i n  Appendix 5. 



I V .  RESULTS AND DISCUSSION 

A. Characterization  of  Adsorbents 

1. Crystal l ine  phase I X-ray powder d i f f r a c t i o n   p a t t e r n s  of 

Alon-C us ing  Cu Ka r a d i a t i o n   e x h i b i t e d   d i f f r a c t i o n  l i nes  at 1.98 and 

1.39 51 c h a r a c t e r i s t i c   o f  gamma alumina.   Intense  l ines  a t  2.087, 

2.555 and  1.601 8 were obse rved   i n   t he  X-ray powder p a t t e r n  of A16SC. 

S e v e r a l   o t h e r   l e s s   i n t e n s e   l i n e  were also seen. The e n t i r e   p a t t e r n  

was character is t ic   of   a lpha  a lumina.  

2. Surface areas: A t y p i c a l  BE!” p l o t   f o r   t h e  low temperature 

nitrogen  adsorption  on gamma alumina outgassed at 100°C is shown i n  

figure 8. A similar p lo t   fo r   n i t rogen   adso rp t ion  on alpha  alumina 

outgassed a t  100°C is shown i n  Figure 9. These  f igures  show a 

reasonable f i t  of the  adsorpt ion data t o  the BET equation. The 

r e s u l t s  of t he  BE!” surface area determination f o r  alpha  alumina are 

given i n  Table 11. The surface areas were determined after outgass ing  

the sample a t  100, 200 and 4OO0C. The alpha  alumina has a surface 

area of 8.1 2 1.8 m /g. The surface area i s  constant  between 100-4OO0C 

i n  agreement w i t h   t h e   r e s u l t s  of Morimoto,  Shiomi and Tanaka.’l Th i s  

lack  of  outgas  temperature  dependence is reasonable since  alpha  alumina 

is the  high  temperature  modification  of  alumina and does  not  undergo 

a phase  t ransis t ion  in   the  temperature   range  s tudied (100-400°C). 

2 

The surface area of gamma alumina shows a s i g n i f i c a n t  dependence 

on outgas  temperature as seen i n   T a b l e  111. A 10% loss  i n  surface 

area is s e e n   f o r  gamma alumina  outgassed at 4OO0C. T h i s   l o s s  of suzface 

area was also  observed by Morimoto,  Shiomi and Tanaka.”  The decrease 
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F ' i g u ~  8. Typical Bm P l o t  for Nitrogen Adsorption on Gamma 
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Figure 9. Typical  BET Plo t  f o r  Nitrogen  Adsorption on Alpha 
Alumina 
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TABLE I1 

EET NITROGE24 SURFACE AREA OF ALPHA ALUMINA 

Outgas Temperature 
0 ( c )  

100 

200 

200 

200 

400 

4-00 

400 

Surface Area 
2, 

8.1 

(m g )  

8.4 

7.4. 

6 . 3  

8.4 

9.1 

Average 8.1 5 1.8 
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TABLE I11 

BET NITROGEN SURFACE AREA OF GAMMA ALUMINA 

Outgas  Temperature 

( O C )  

100 

Surface Area 
(m 2/ g )  

94.0 

100 97.1 

100 

200 

200 

400 

400 

400 

400 

400 

92.9 

81.3 

87.1 

82.9 

88.7 

87.8 

Average 85.6 5 3.9 
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i n   s u r f a c e  area may be due t o   s i n t e r i n g  accompanying the  onset  of a 

phase   t rans i t ion .  Gamma alumina is a low tempera ture   t rans i t iona l  

alumina, capable of undergoing  phase  changes a t  e l eva ted  temperature. 

Werfers and report the ' t r a n s i t i o n  from gamma t o  delta alumina 

occurr ing   near  900°C under condi t ions of  moist  atmosphere,  pressure 

greater than  one  atmosphere,   heating rate greater than  1°C/min and 

particle s i z e  greater than 100 microns.  Although t h e  gamma alumina 

was outgassed a t  only 400°C, conditions  of  pressure,  atmosphere  and 

p a r t i c l e   s i z e  are di f fe ren t   and  may favor  formation  of  delta  alumina 

a t  lower temperatures. 77 178 

The surface area of the  two aluminas given  in   Table  I1 and  Table 

I11 i s  related t o   t h e   p a r t i c l e   s i z e   o f  t h e  two aluminas. If one 

assumes sphe r i ca l  non porous par t i c l e s   hav ing  a dens i ty   o f  3.6 g/cc 

for gamma alumina, an average particle s i z e  of 0.02 microns is calcu- 

l a t ed .  The manufacturer's  value is  given as 0.03 microns. A calcu- 

lated p a r t i c l e   s i z e  of 0.18 microns i s  obtained  for   a lpha  a lumina 

using a dens i ty  of  3.9 g/cc. 

3 .  Nitrogen  Adsorption and Desorption on  Alumina:  The results 

of   ni t rogen  adsorpt ion - desorption  measurements on gamma alumina are 

shown i n  figure 10. No hysteresis was seen in   the   desorp t ion   cyc le  

of n i t rogen .   Th i s ' l ack   o f   hys t e re s i s  was due t o  an absence  of micro- 

pores (<200 2) i n   t h e  gamma alumina i n  which nitrogen  could  condense. 

Figure 11 shows t he  low temperature  nitrogen  adsorption-desorption 

isotherm on alpha  alumina. Again t h e  desorption  cycle shows no hystere- 

sis, indicat ing  the  absence  of   micropores .  The lack of micropores i s  
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Figure 11. Adso t i o n  and Desorption of  Nitrogen  on Alpha Alumina 
at 77 K rg 
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not  unexpected  since  alpha  alumina had  been hea ted   t o  1537OC and 

gamma alumina is  prepared i n  a high  temperature flame. The results 

of the   adso rp t ion -deso rp t ion   s tud ie s   r e in fo rces   t he   va l id i ty   o f   t he  

c a l c u l a t i o n   o f   r e l a t i v e   p a r t i c l e   s i z e  u s i n g  surface axeas and  densi ty  

where it was assumed that  both  adsorbents  did  not  contain  micropores.  

4. Surface  Topography  and SEM Studies:  A 100X scanning electron 

photomicrograph  of  untreated gamma alumina is shown i n  Figure 12. A 

lOOX photomicrograph  of  alpha  alumina i s  reproduced i n  figure 13. A 

cursory  comparison of t h e  particle s i z e  i n  these two figures might 

l ead   t o   t he   conc lus ion   t ha t  gamma a lumina   cons i s t s   o f   l a rge r   pa r t i c l e s  

than  alpha  alumina. However, inspect ion of the  photomicrographs  taken 

at 5OOOX magnification shown i n  FIgure 14 and figure 15 l e a d s   t o  a 

d i f fe ren t   conc lus ion .  The gamma alumina  consis ts   of  small primary 

p a r t i c l e s   c l u s t e r e d   t o g e t h e r   t o   g i v e   t h e  larger secondary particles 

observed at lower  magnification.  Excessive  charging  of  the  particles 

l e a d   t o  a loss of r e so lu t ion  a t  magnif icat ions  greater   than 5000X and 

prevented studies of the  topography of the  individual   a lumina  par t ic les .  

The r e s u l t s  of a n  SEM experiment to account   for   the  observed 

decrease   in   sur face  area of gamma alumina at hiEh pretreatment temper- 

a t u r e   a r e  shown i n  Figure 16 and  Figure 17. No s i g n i f i c a n t   d i f f e r e n c e s  

axe seen on comparing the  photomicrographs of untreated gamma alumina, 

Figure 12  and FSigure 14 with  those of gamma alumina  taken a f t e r   o u t -  

gassing a t  40OoC. These r e s u l t s  show t h a t  the  changes  in gamma 

alumina as soc ia t ed  w i t h  the measured lO$ decrease i n  surface area cannot 

be observed  using  scanning  electron  microscopy. 



Figure 12. Photomicrograph of  Untreated Gamma Alumina at lOOX 



Figure 13. Photomicrograph of Untreated Alpha Alumina at l O O X  



F'igure 14. Photomicmgraph  of  Untreated Gamma Alumina a t  5000X 
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Figure 15. Photomicrograph of Untreated Alpha Alumina at 5OOOX 



Figure 16. Photomicrograph of Gamma Alumina Outgassed at  4OO0C at lOOX 
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Ngure 17. Photomicrograph of Gamma Alumina Outgassed at 4OO0C at 5000X 



The r e s u l t s  of energy  dispers ive  analysis  of X-rays (EBAX) of 

untreated gamma alumina is shown i n  Hgure 18. The only peaks seen 

are those   resu l t ing  from the  Au-Pd coating  and aluminum. Other 

elements  of  interest  such as chlor ine,  sodium and  s i l icon were not 

detected.  The same r e s u l t s  were obtained on a sample  of  untreated 

alpha  alumina. 

5. ESCA Surface  Analysis I A qual i ta t ive  s tudy of the   sur face  

composition  of  alpha  and gamma alumina was car r ied   ou t   us ing  wide 

scan ESCA. Figure 19 shows t he  wide 'scan ESCA spectrum  of  an  untreated 

alpha  alumina sample.  The largest peaks i n   t h e  spectrum  correspond 

t o   t h e  0 1%/2 (532 eV), C isll2 (284 eV), A l  2p (74 eV) and A 1  2%j2 

(118 eV) levels   and  to   an Auger  peak of Cu. A mall peak at 200 eV 

may be due to  chlorine  contamination. The C 1s peak i s  a r e s u l t  

of contamination fmm the  oil di f fus ion  pumps of t h e  spectrometer. 

The Auger peak f o r  copper is not   surpr is ing  s ince  the  copper  sample 

probe may not  have been completely  covered. 

1/2 

Figure 20 shows a w i d e  scan ESCA spectrum of  untreated gamma 

alumina. Again the  observed peaks can be a s s igned   t o  an Auger t r ans i -  

t i o n   f o r  Cu and t o   t h e  0 1s112, Al Zp, Al 2 ~ , / ~  and C 1s l eve ls .  

A small peak a t  200 eV is again  ass ignable   to   chlor ine which is not 
1/2 

unexpected  since AlCl i s  t h e   s t a d i n g  material fo r   t he   p repa ra t ion  

of gamma alumina. The fact that   o ther   intense  peaks axe not  observed 
3 

is  evidence  for  the  absence of any surface  coat ing on both  alumina 

surfaces , 
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Flgure 18. EDAX of Untreated Gamma Alumina 
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Figure 19. Wide Scan ECA Spectrum of Untreated Gamma Alumina 
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figure 20. Wide Scan ESCA Spectrum of Untreated Alpha Alumina 
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B. Preliminary  Adsorption  Studies I 

The r ep roduc ib i l i t y   o f  t h e  adsorpt ion  propert ies   of   gama  a lumina 

was studied as a function  of  temperature  and t h e  time of   heat ing of 

t he  sample i n  the constant  volume adsorption  apparatus.   Results  of 

water adsorpt ion a t  room temperature on gamma alumina outgassed  for  

2 hr at three   d i f fe ren t   t empera tures  are shown i n  f igure 21. The 

temperature of the  pretreatment is c r i t i c a l  i n  def ining t h e  adsorpt ion 

capacity . 
F'igure 22 shous t h e  effect of the pretreatment time on t h e  

adsorption  capacity of  gamma alumina  outgassed a t  6ooc for time periods 

from 2 t o  19 hours. No change i n  adsorption  capacity  over t h i s  range 

of  pretreatment time i s  observed, After these pre l iminary   s tud ies   o f  

the effects of pretreatment  time  and  temperature  on t h e  adsorpt ion 

capaci ty  of alumina, a l l  samples were evacuated   for  2 h r s  at a s p e c i f i e d  

outgas  temperature  and  then  cooled  for 2 hrs t o   t he   adso rp t ion  temper- 

ature. The good r ep roduc ib i l i t y  of t h i s   t echn ique  i s  s e e n   i n  figure 

23, i n  which s i x   s e p a r a t e  HC1 adsorpt ion isotherms (50°C) are shown 

on gamma alumina samples outgassed a t  8OoC for two hrs. 

The amount of  both HC1 and H20 adsorbed on t h e  walls of the sample 

bulb was determined  to be n e g l i g i b l e .   T h i s   r e s u l t  is reasonable   s ince 

t h e  sample bulbs (15cc)  have a small surface area compared t o  t h e  

surface areas of  alpha  and gamma alumina. 

C. Water Vapor Adsorption on Gamma Alumina 

The r e s u l t s  of t h e  previous  sect ion showed t h a t  outgas  temperature 

was cr i t ical  in   de f in ing   t he   adso rp t ion   capac i ty   o f  gamma alumina. A 
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figure 21. Influence of Outgas Temperature on Water  Vapor Adsorption 
on Gamma Alumina 
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Figure 22. Effect of  Heating Time on  Adsorption Capacity of Alumina , 
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Figure 23. Reproducibi l i ty   of  H C l  Adsorption at  50°C on S i x  Differen t  
Gamma Alumina  Samples 



matrix of experimental parameters based on  outgassing temperature and 

adsorption temperature was developed to   fu r the r   s tudy  t h i s  temperature 

influence. Water vapor  adsorption was rneasumd  on gamma alumina  out- 

gassed a t  80, 200 and 400°C. Adsorption  isotherms were measured a t  

30, 40,  and 5OoC. The data f o r  water vapor  adsorption on gamma alumina 

is presented i n  Appendix 6. 

The results of  the  outgas  temperatum  study are shown i n  Figure 

24 f o r  H20 adsorption at 40°C on gamma alumina. The  amount of water 

adsorpt ion  increases  wi th  increasing  outgas  temperature due  probably 

t o  removal of  physisorbed water. Similar  r e s u l t s  were obtained a t  

30 and 5OoC. 

The t e m p e r a t u r e  dependence  of water adsorption on gamma alumina 

outgassed a t  80°C is shown i n  Flgure 25. An inverse   re la t ionship  

between H20 adsorption  capacity  and  adsorption  temperature i s  observed. 

S imi l a r   r e su l t s  were obtained after outgassing at 400°C. 

The adsorption data was l inear ized   us ing   the  BET equation. The 

use  of  the BET equation  allows the ca lcu la t ion  of  t h e  average area 

occupied by an adsorbed water molecule.  Table I V  g ives   t he  cross- 

sec t iona l  area ( U) of the  adsorbed water molecule  calculated f r o m  

t h e  water vapor  isothenus. The u values   appear   to  fa l l  i n t o  two 

gmups. ~n average U. value  of  16.2 51 /molecule is ob ta ined   fo r  gamma 

alumina  outgassed at 8OoC o r  200°C. Water adsorbed on gamma alumina 

outgassed a t  4OO0C g ives  an average area of 12.4 R2/molecule. Feri's 

idea l ized  mode141 of  the  gama  alumina  surface (see F'igure 1) would 

y i e l d  an adsorbed area of 16 %2/molecule assuming that each  adsorbed 

2 
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TABLE I V  

CROSS-SECTIONAL AREAS OF WATER ADSORBED ON 

GAMMA ALUMINA 

Outgas  
Temperature 

(OC) 

80 

80 

80 

200 

400 

400 

400 

I sot hem 
Temperature 

(OC) 

30 

40 

50 

40 

27 

40 

50 

H20 Area 

('A2/molecule) 

15.2 

16 .0  

17.9 

15.8 

Average 1 6 . 2  + - 1 . 2  (s) 

11.9 

13.8 

11 .5  

Average 12 .4  2 1 . 2  (10%) 



water molecule  requires two oxygen i o n s   o r  two surface h~dro~~l SOUPS 

as an adsorption site. The smaller area for water adsorbed on the  

4oO°C outgassed gamma alumina is  consistent  with a phase  t ransi t ion 

occurring at 4OO0C as was previously  postulated  to   explain  the l@ 

l o s s   i n  surface area. The t r a n s i t i o n  fmm gamma alumina to   h igher  

temperature mod i f i ca t ions   r e su l t s   i n  a closer  packing  of oxygen ions  

i n   t h e  alumina lattice. Flgure 26 shows  an ideal alpha  alumina  surface 

assuming fracture of alpha  alumina  to  occur between alternate layers .  

In  t h i s  surface each oxygen ion  occupies an area of 6.5 . The area 

of  an adsorbed water molecule  on t h i s  surface would then be 13 . 
2 

2 

De Boer e t  al.43 found  an area of  12.2  R2/molecule f o r  water 

adsorbed on  alumina p re t r ea t ed  a t  12OO0C i n  agreement  with  the model 

of an alpha  alumina surface. The value  of  12.4 A /molecule f o r  gamma 

alumina  heated at 4OO0C i n  t h i s  study is i n  good agreement  with  the 

value  obtained by de Boer e t  al.43 and t h a t  ca l cu la t ed   fo r   t he  ideal 

alpha  alumina surface model. 

2 

The s ignif icance of t he  area of  the  adsorbed water molecule is 

t h a t  i t  supports I R  evidence  reported  in  the l i t e r a t u r e  

adsorbed states similar to   t hose  shown i n  Figure 3. Here an adsorbed 

water molecule is  hydmgen bonded t o   e i t h e r  two surface  hydroxyl  groups 

o r   t o  two oxygen ions. 

259 37 for 

The r e s u l t  of a readsorption  study of water adsorption  on gamma 

alumina is shown i n  Figure 27. Between the  or iginal   i sotherm and t h e  

readsorption  isotherms  the sample was outgassed i n  vacuum a t  t o r r  

for 18 hrs. The readsorption  points fa l l  on t h e  original  isotherm. 



Figure 26. Ideal Alpha Alumina Surface 
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f igure  27. Readsorption of Water Vapor on Gamma Alumina a t  50°C 
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\ la ter   adsorpt ion on gamma alumina outgassed a t  80°C i s  thus  completely 

r e v e r s i b l e .   T h i s   r e v e r s i h i l i t y   i n d i c a t e s  t h a t  water adsorpt ion on 

alumina can be charac te r ized  as a physlsorptlon  process.  Formation 

of  hydroxyl @ups by react ion  with the  bare oxide surface to form 

new hydroxyl groups i s  ru l ed   ou t  because  of t h i s   r e v e r s l b i l i t y .  

D. Water Vapor Adsorption on  Alpha  Alumina 

The dependence  of  adsorption  capacity on o u t e s  temperatme f o r  

water adsorption  on  alpha  alumina at 4OoC is shown i n  Figure 28. 

S i m i l a r   r e s u l t s  were obtained at 30 and 5OoC and are presented  In 

Appendix 7. The influence  of  outgas  temperature seems t o  be more 

uniform fo r   t he   a lpha   a lumina   t han   fo r  gamma alumina, possibly  because 

of t h e  stability of the   a lpha   a lumina   i n   t he   ou tgas  temperature ran&- 

studied. 

The BEP equat ion  appl ied  to  H20/alpha  alumina isotherms  again 

gave good l i n e a r  fits. The result o f   t he  E&T a n a l y s l s  is given   in  

Table V f o r  al l  the  isotherms i n  the  matrlx.  The r e s u l t s  may i n d i c a t e  

a dependence of the   c ross -sec t iona l  area on  outgas  temperature,  but 

f u r t h e r   s t u d i e s  are needed t o   e s t a b l i s h  t h l s  dependence. The average 

cross-sect ion area ( a )  is 12.4 A /molecule on alpha alumina. This  2 

area agrees wi th   t he   r e su l t s  of de Boer e t  aL.43 and  the model surface 

of   a lpha  alumina (see F1gu-z 26). The consequence of t h e  differences 

i n  t he   adso r t ed  area of the water molecule can be seen i n  FIgure 29 

which shows t ha t   t he   moun t  of water adsorted per unit area is greater 

for   a lpha   a lumina   than  far  gamma alumina. 

The r e s u l t  of the  study  of  the  temperature  dependence of water 

adsorption on alpha  alumina  outgassed at  A0 C Is shown in   F igu re  30. 0 



72 

0 80°C 

0 2oooc 

0 M O ° C  

4 8 12 16 

P( torr)  

Figure 28. Influence of Outgas Temperature on Water Vapor Adsorption 
on Alpha Alumina at bO°C 



TABLE V 

CFOSS-SECPIONAL AREAS OF WATB ADSORBED ON 

ALPHA ALUMINA 

Outgas 
Temperature 

0 ( c) 

80 

80 

80 

200 

400 

400 

400 

Isotherm 
Temperature 

(OC) 

H20 Area 

( A  /molecule) 

12.4 

12.8 

19.8 

13.0 

9.0 

10.1 

10.0 

2 

Average 12.4 3.3 (26%) 
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Figure 30. Temperature  Dependence of Water Vapor Adsorption  on Alpha 
Alumina Outgassed at 8OoC 



Resul ts   obtained after outgassing at 4OO0C were s imi la r .  As i n  the 

case of water adsorption  on gamma alumina, an i n v e r s e   r e l a t i o n s h i p  

is seen  between  adsorption temperature and  the amount of  water adsorbed 

on  alpha  alumina.  This temperature dependence was u s e d   t o   c a l c u l a t e  

t h e   i s o s t e r i c  heat of adsorpt ion f o r  water vapor  on  both  aluminas. 

Water adsorption  on  alpha  alumina, l i k e  water adsorpt ion on gamma 

alumina, was completely  revers ible  as seen by t h e  r e s u l t s   o f  the 

readsorption  experiment on alpha  alumina shown i n   F i g u r e  31. 

As t h e  above r e s u l t s   i n d i c a t e ,  a lpha  and gamma alumina show 

similar behavior  towards water vapor  adsorption. The water adsorpt ion 

capac i ty  of both  aluminas is i nc reased   u i th   i nc reas ing   ou tgas  temper- 

a tu re .   Reve r s ib i l i t y   o f  water vapor  adsorption on  both  alpha  and 

gamma i s  observed. The Same adsorption  temperature  dependence is 

exhibited by t h e  two aluminas.  The  most  notable  difference  between 

t h e  two aluminas I s  t he i r   adso rp t ion   capac i ty  for water vapor.  Alpha 

alumina  adsorbs more water per u n i t  area than gamma alumina  (see 

Figure 29). Carruthers, Payne,  Sing  and S t ~ y k e r ~ ~  had found greater 

water adsorpt ion on alpha  alumina  than on t h e  t r a n s i t i o n a l   t h e t a  

a lumina.   Differences  in   adsorpt ion  capaci ty   can be explained on t h e  

basis of t he  packing  of oxygen i o n s   i n   t h e   i d e a l i z e d  surfaces of 

alpha  and gamma alumina.  This same packing  difference and t h e  amount 

Of ?=-adsorbed Hater on the  two aluminas may inf luence   the   adsorp t ion  

of hydmgen  chloride  on  the two aluminas. 

E. Hydrogen C h l o r i d e m  

Outgas temperature had a s t rong  inf luence  on water adsorpt ion 
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Figure 31. %adsorption of Water Vapor on Alpha Alumina at 5OoC 



on m a  alumina. Increasing the  outgas  temperature of gamma alumina 

also increased t h e  amount- of hydrogen ch lo r ide  adsorbed on gamma 

alumina as shown i n  Figure 32. This   increase  is probably.due  to   the 

removal of water molecules  from s i tes  needed f o r  hydrogen  chloride 

adsorption. 

A readsorp t ion   s tudy   of   the   revers ib i l i ty  of hydrogen  .chloride 

adsorption was ca r r i ed   ou t   on  gamma alumina. Here t h e  sample was 

evacuated a t  the  adsorpt ion  temperature   for  18 hours at - loe6 
tor r .   F igure  33 shows t h e   r e s u l t s  of the  readsorpt ion  s tudy on gamma 

alumina i n i t i a l l y   o u t g a s s e d  at 8OoC and  the  adsorption  measured a t  

40°C. Hydrogen chlor ide  adsorpt ion is o n l y   p a r t i a l l y   r e v e r s i b l e  on 

gamma alumina,  whereas water adsorption was completely  revers ible ,  

The r e v e r s i b l e  part of the  adsorpt ion may correspond  to  a so lu t ion  

process  of  the  hydrogen  chloride  in  the  physisorbed water on the  gamma 

alumina. A test  of this   hypothesis   based on a thermodynamic a n a l y s i s  

of the   adsorp t ion  is g iven   i n  a later sect ion.  The i r r e v e r s i b l e  part 

of the   adsorp t ion  may be due t o  t h e  formation of a bond between the 

hydrogen chlor ide  and  the  a lumina surface. 

The temperature  dependence of hydrogen chlor ide  adsorpt ion on 

gamma alumina outgassed at 8OoC i s  summarized by t he   r e su l t s   p re sen ted  

i n  Figure 9. Isotherms  on gamma alumina outgassed at 200 and 400°C 

showed similar temperature  behavior as the   adsorp t ion   da ta   in  Appendix 

8 ind ica t e s .  

Hydrogen chloride  adsorption was pr imar i ly   i r revers ib le .   This  

i r r e v e r s i b i l i t y   i n d i c a t e s  a chemisorption  process  and  thus  the  probable 

formation  of  bonds  between t h e  hydrogen chloride  and  alumina  surface, 
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Figure 32. Influence of Outgas Tempera tu re  on Hydmgen Chloride 
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Flgure 33. Regdsorption of Hydmgen Chloride on Gamma Alumina at  
40 C after Outgassing f o r  18 hours 
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on Gamma Alumina Outgassed at 8OoC 
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i.e., loca l ized   adsorp t ion .  The Lanepluir equat ion which is based  on 

loca l i zed   adso rp t ion  was thus   appropr i a t e  t o  l i n e a r i z e   t h e   a d s o r p t i o n  

data. 
Table V I  s h o w s  t h e   c a l c u l a t e d  surface area of gamma alumina f r o m  

t h e  Iangnlulr model and t h e  area of each adsorbed HQ molecule  on t h e  

gamma alumina surface calculated from t h e  data given i n  Appendix 8. 

Using 16.6 g2 as t h e  area o f   t he  hydrogen  chloride  molecule  obtained 

f r o m  l i q u i d   d e n s i t y   c a l c u l a t i o n s ,   t h e  surface area of Qamma alumina 

based on HCl adsorpt ion was 48.2 m /g. Comparison of t h i s   s u r f a c e  

area with the EEL' n i t rogen   sur face  area of 95.4 m /g shows that the  

hydrogen ch lor ide   adsorbs  on appmximately ha l f  t he  gamma alumina 

surface. This   gives   added support t o  a chemisorption  process  occurring 

on d i s t i n c t  sites on t h e  gamma alumina. 

2 

2 

The na ture  of  t h e  hydrogen  chloride  adsorption s i te  can be 

e luc ida ted  by cons ider ing   the  area occupied by the adsorbed  hydrogen 

chloride  molecule  and  the ideal gamma alumina surface i n  Figure 1. In  

t h e  ideal gamma surface each aluminum ion  is surrounded by four  oxide 

ions ,   t hus  the  area o f   t h i s  group I s  32 1 . Assuming that t h e  adsorp- 

t i o n  s i te  f o r  hydrogen  chloride is an aluminum i o n   i n   t h e  surface, 

t h e  area of the  adsorbed HC1 would be 32 51'. Work by Paxfi t t56 on 

HCl adsorpt ion on Ti02  and by Peri  37-42 on alumina showed t h a t  the 

metal ion was t h e   a c t i v e  s i te  in  these  systems.  Adsorption of  hydrogen 

ch lor ide  a t  every aluminum i o n   i n  t h e  ideal surface would give an m a  

of  16 A . The area of t h e  HC1 molecule is 16.6 A and hence  would be 

expected t o  adsorb on every  other  aluminun  ion. The average HC1 

2 

2 0 2  
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TABLE V I  

CROSS-SECI'IONAL AFUUS OF HYDROCEN CHLORIDE ADSORBED ON 

GAMMA ALUMINA 

Outgas 
Temperature 

(OC) 

80 

80 

80 

200 

200 

200 

Isotherm 
Temperature 

(OC) 

0 

40 

50 

0 

40 

50 

HC1 
Surface Area 

(rnZ/R) 

53- 1 

46.5 

41.0 

59.7 

44.7 

44.1 

Average 48.2 

H C l  
Area 

(A /molecule) 

29.8 

9.1 

38.7 

26.5 

35.4 

35.9 
33.4 5 4.5 



adsorbed area i s  33 2 i n  Table V I  i n  good agreement  with  the descrip- 

t i o n  that a l t e r n a t i n g  aluminum i o n s  are the   adsorp t ion  sites f o r  HQ 

adsorpt ion on gamma alumina. Figure 35 i s  a representa t ion   of   the  

gamma alumina Surface after exposure t o  hydrogen  chloride. 

2 

F. Bdrogen Chloride  Adsorption  on Alpha Alumina 

The effect of outgas  temperature on hydrogen  chloride  adsorption 

on alpha  alumina is shown i n  Figure 36. The.po1nts on t h e  8OoC isotherm 

are f r o m  two d i f f e r e n t  samples, the  lower  points  may be due t o  non 

equi l ibrat ion  of   the  system  before   the measurement was taken. The 

amount of  hydrogen  chloride  adsorption on alpha  a lumina  increases  

s i g n i f i c a n t l y  between 80 and 2OO0C outgas. The d i f f e rence  between 

200 and 400°C does not a p p e a r  t o  be s i g n i f i c a n t .  

“ypical  results f o r   t h e  temperature dependence of HCl adsorption 

on a lpha  alumina are shown i n  Figure 37. As the resul ts   demonstrate ,  

increasing  adsorpt ion  temperature  decreased t h e  amount of hydrogen 

chlor ide  adsorbed on alpha  alumina. T h i s  is similar t o  t h e  behavior 

no ted   fo r  HQ adsorption on gamma alumina. 

Hydrogen chlor ide  adsorpt ion on alpha alumina was only p a r t i a l l y  

r e v e r s i b l e  as the   r e su l t s   o f   t he   r eadso rp t ion   expe r imen t  shown i n  

Figure 38. A study  of t h e  temperature  dependence  of t h i s   r e v e r s i b i l i t y  

was performed by heat ing t h e  sample during the  ou tgass ing   s t ep   i n  the 

readsorption  experiment after the  i n i t i a l   a d s o r p t i o n .  As Figure 39 

i n d i c a t e s  more of the adsorbed  hydrogen  chloride is removed a t  e l eva ted  

temperature. Even a t  t h e  highest   temperature (34loC), some of the 

hydrogen chlor ide  remains on the alpha  a lumina  or iginal ly   outgassed a t  

8OoC. 
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Figure 35. Ideal Gamma Alumina Surface After Hydrogen Chloride 
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The i r r e v e r s i b i l i t y   o f  hydrogen chlor ide  adsorpt ion on alpha 

alumina  indicates  that alpha  alumina  could act as an e f fec t ive  sink 

for hydrogen  chloride  since it h a s   t h e   a b i l i t y   t o  adsorb H C 1  and 

not release it. T h i s  i r r e v e r s i b i l i t y ,  as i n   t h e   a d s o r p t i o n  of H a  

on gamma alumina, i n d i c a t e s  that chemisorption of hydrogen  chloride 

on alpha alumina is occurring. 

Analysis of the H C l  adsorption isotherms on alpha  alumina  using 

t h e  L a n o u i r  equation gave t h e   r e s u l t s  shown in   Tab le  VII. The H C l  

surface area of 7.9 m / g  was appmximately t h e  same as t h e  BET n i t m g e n  

surface area (8.1 m2/g) on alpha  alumina.  This  agreement of the  

hydrogen ch lor ide   sur face  area and t h e  BFT nit rogen surface area 

showed t h a t  most of the  alpha  alumina surface i s  accessible for adsorp- 

t ion   o f   t he  hydrogen  chloride. The cross-sect ional  areas of hydrogen 

chlor ide adsorbed on alpha  alumina, which are shown in   Tab le  VII, may 

i n d i c a t e  a dependence  on  outgas  temperature  and  adsorption  temperature. 

The areas increase  with  increased  adsorpt ion  temperature   and  decrease 

with increased  outgas  temperature.  Fur ther  s tud ie s   u s ing  a wider range 

of  temperatures axe needed t o   e s t a b l i s h  if t h i s  dependence a c t u a l l y  

exists. The  average area of an adsorbed hydrogen  chloride  molecule 

was 17.5 x2. The s ign i f i cance  of  t h i s  area i s  seen on r e f e r r i n g   t o  

the  ideal  alpha  alumina surface i n  Figure 26. If, again,  surface 

d . u m i n U m  i o n s  are the   adsorpt ion site, then the ideal H C l  adsorbed 

a n a  would be 19.5 'A i n  agreement  with t h e  area obtained from the 

hydrogen chlor ide  adsorpt ion d a t a  on a lpha  alumina. 

2 

2 

Hydrogen chlor ide  adsorpt ion on alpha alumina is  inf luenced by 

outgas temperature and  adsorption  temperature in similar ways to that 
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TABLE VI1 

CROSS-SECI'IONAL AREAS OF HYDROGEN CHLORIDE ADSORBED ON 

ALPHA  ALUMINA 

Outgas 
Temperature 

(OC) 

80 

80 

80 

200 

200 

200 

400 

400 

400 

Isotherm 
Temperature 

(OC) 

0 

40 

50 

0 

40 

50 

0 

40 

50 

HC1 HC1 
Surface Area 

( m2/g ) (12,- molecule) 

8.0 16.9 

6.4 21.1 

6.1 22.3 

9.1  14.7 

7.6 17- 5 

7.6 17.7 

9.9 13.6 

8.1 16.6 

8.0 - 16.8 

Average 7.9 Average 17.5 5 2.8 



of hydrogen chloride  adsorption  on gamma alumina. Increased'outgas 

temperature and t h u s  decreased amounts of pre-adsorbed water increased 

hydmgen ch lor ide   adsorp t ion .   This  t rend seems t o   i n d i c a t e   t h a t  water 

vapor and hydrogen  chloride  compete for similar adsorpt ion sites on 

t h e  two aluminas. 

The most s i g n i f i c a n t   d i f f e r e n c e   i n   t h e   a d s o r p t i o n  of hydrogen 

chloride  on  alpha and gamma alumina is t h e  amount adsorbed per unit 

area, Alpha alumina  adsorbs more hydrogen  chloride per u n i t  area than 

gamma alumina as shown i n  figure 40. The difference i n   a d s o r p t i o n  

capacity  can  again be explained on t h e   b a s i s  of the  packing of aluminum 

m-d o x i d e   i o n s   i n   t h e  ideal sur faces  of alpha  and gamma alumina. On 

a mass basis, however, gamma alumina  has a greater adsorpt ion  capaci ty  

than  alpha  alumina  for  hydrogen  chloride  because  of its greater surface 

area. 

G. I s o s t e r i c  Heat of Adsorpt ion  for  Water Vapor on Alumina 

Uater vapor  adsorption on alpha  and gamma alumina was temperature 

dependent as shown i n  Figure 25 and Figure 30. This  temperature 

dependence was used   t o   ca l cu la t e   t he  isoster ic  hea t   o f   adsorp t ion   for  

water vapor  on  both  aluminas. 

Although t h e  3E3? equation was previous ly   used   to   l inear ize   the  

experimental data to   ob ta in   su r f ace  axeas, i t  did not  adequately f i t  

the  experimental  data a t  low surface coverage as s e e n   i n  F'ipre 41 

where use of a F'reundlich p l o t  ( I n  N v s   I n  P) gave a better f i t  of - the  

experimental data. Table VI11 shows t h e   e r r o r s   p r o d u c e d   i n   f i t t i n g  

t h e  H20 adsorpt ion data on gamma alumina  outgassed at 8OoC by use  of  

t h e  BFT and  the  Freundlich  equations. 
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TABLE VI11 

ERROR FOR FLT OF H20 ADSORETION ISXHERM ON G k " A  ALUMINA 

USING THE BFP AND FFWNDLICH EQUATIONS 

Em 
Freundl lch 

Slope 
." 
Y-Intercefl 

3.7 242 

0.9 0.06 



The r e su l t s   o f   t he   a r a lys i s   o f   t he  temperature deoendence data 

i s  shown in Table IX. k s  t h e  i s o s t e r f c  he?.t; i n d i c a t e ,  water adrorpt ion 

on alun?ina is a n  exothermic  process. Alpha alumina  had a hi$her iso- 

steric neat of  adsorption  than mmqa alumina. In support   of t h i s  

conclusion, llightman" found  higher  heats of immersion i n  Ha te r   fo r  

a lpha  a lunina  than  for   gama alumina.  Evel-1. Wade and  Hackeman" also 

reported  higher  heats of  immersion fo r   a lpha  alumina t h a n  f o r  gamma 

alumina.  The l a r g e r  heat of Immersion f o r  a l p h a  alumina resttlts f r o m  

t h e   l a r g e r  numher of H,O molecules a d w r k d  p e r  unit area on alpha 

alumina t h m  on gama  alumina. 

L 

H. Thermodynamic  Yodel of flydrogen  Chlorlde  Adsorotion on Alumina 

In order   to   cor re la te   the   exper imenta l   da ta   for   the   adsorp t ton  

of water vapor  and  hydroqen  chloride on a l u m i n a ,  a water l a y e r  model 

was t e s t e d  using Wichtran's  calorlmetric data." The model c o n s l s t s  

of descr ib ing   the   adsor ten t  as m almlna p a r t i c l e  surrounded by severa l  

layers   of   pre-adsorkd water as shoun i n  F i g u r e  42. This   descr ip t ion  

i s  consis tent   with peri's Inf rz red  results j7-" which showed molecular 

water   to  te p r e s e n t  on the  surface of a?w.ina up t o  400 C. Since wa+.er 

vapor  adsorotion  increased w i t h  increasing  outga;  temperature as shown 

i n  Figures 24 a?d 2 8 ,  successive water l a y e r s  are pos tu l a t ed   t o  ?E 

removed from the  alumina particle as t h e  outgas  temperature l.s ra i sed .  

An untreated a l u m i n a  p a r t i c l e  conta ins  a water l aye r   o f  t h e  th ickness  

represented by t he   d i s t ance  El - T i n  Figure 42.  Outgassing  the alumina 

at  a temperature T removes part of  the water layer   represented  by t h e  

0 

3 

1 
dlstance N - T1 in Figure 42. The temperature T at which no water 
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TAHLE IX 

ISOSTERIC HEAT OF ADSORPTION FUR WATER VAPOR ON ALUHINAS 

Outgas Isosteric 
Adsorbent  Temperature e Heat 

("C) - ikcal/mole) 

Camma 80 0.58 13.9 +_ 2.8 

Gamma 80 0.98 14.5 + - 1.2 

Gamma 

Alpha 

Alpha 

Alpha 

400 1.03 11.0 2 4.8 

80 0.52 16.7 & 2.3 

80 0.86 19.6 2 2.4 

400 0.81 17.2 7.4 

Alpha 400 1.04 19.2 5 5.6 



N,r = N - T  1 

N.r = N - T 
7 3 

Figure 42. A l u m i n a   P a r t i c l e  with S u r m u n d l n g  Layers of Water 
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surrounds  the alumina p a r t i c l e  was taken as 4OO0C since P e r i ' s   i n f r a r e d  

work 3742 indicated  the  absence  of  molecular water on gamma alumina a t  

400°C. The  amount of  water present  on alpha  and gamma alumina after 

a glven outgas temperature was taken as t h e  difference i n  t h e  amount 

of water adsorbed on alumina outgassed at 4OO0C and t h a t   a d s o r b d  on 

alumina outgassed at  any loner   temperature .  

The adsorption of hydrogen chlor ide on alumina can be described 

as a tno   s t ep   p rocess  as shonn I n  FI&ure 43, The i n i t i a l  s t e p  i n   t h e  

adsorption  process  (Reaction 1) is the  solution of the  hydrogen ch lor ide  

gas i n   t h e   l a y e r   o f  water surrounding t h e  alumina particle. The second 

s tep  (React ion 2 )  is  the  adsorpt ion of t h e  dissolved hydrogen chlor ide 

on t h e  alumina particle. 

The energe t ics   o f  t h e  two s tep   p rocess  are represented by t h e  

following  equation: 

where: .Ern = the  integral  heat o f  adsorp t ion   for  HCl(g) on 

A1203 

Qst = t h e  isoster ic  hea t  of adsorpt ion 

dB = the  incremental  change  i n  surface  coverage 

-\Hsol = the i n t e g r a l  heat of  s o l u t i o n   f o r  HC1 i n  water 
- 

" c ~ / A v ~  alumina 
= t h e  i n t e g r a l  heat  of i n t e rac t ion   b tween  HC1 and 

A test o f   t he  water l a y e r  model I s  a comparison  of  the  integral 

isosteric heat   of   adsorpt ion QstdO determined by g a s  phase measure- 

ments and the  heat  of immersion o f  alumina i n  hydrochloric acid. The 

two values  differ  only by t h e   i n t e g r a l  h e a t  of s o l u t i o n ,  -\HSol. Each 

P 
- 
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1. HCl(g) + H20 (1) - HC1 i n  X moles HZ0 

2. H(Sl(aq) + Al,U ( s )  ___c_ HC1 --- A 1  0 
L 3  2 3  

Figurr 43. Possible  Mechanism f o r  Hydrogen Chloride Adsorption 
on Alumina 
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of the  parameters in equation ( I )  was determined  experimentally as 

described below. 

The hea t s   o f  immersion of alpha  and gamma alumina i n  0.1 Pi HC1 

has teen measured by Wightman" and the results are shown i n  Table X. 

A study  of  the change i n  pH of  hydmchloric acid solutions of varying 

concentration upon addi t ion  of alumina was used tn e s t a b l i s h   i f  

Vightman's results were de temined  at  monolayer  coverage of hydmgen 

chloride.   Table XI and  Table XI1 sn0.i the Lhange i n  pH of  hydrochloric 

ac id   so lu t ions  upon addi t ion  of a lpha and gamma a lumina ,  respec t ive ly .  

pH is t h e  pH before  addition of the  alluninum and pHlo. pH60 and p-%80 

i s  t h e  pH of the   so lu t ion  a f t e r  10, OO and 180 minutes,   respectively.  

No s i g n i f i c a n t  pH change is observed   a f te r   addi t ion   o f  alumina to  

0.1 N HC1 solutions.   This  absence of change i n  pH is a good indica t ion  

t h a t  a 0.1 IJ HC1 so lu t ion  h a s  a suf f ic ien t   concent ra t ion   o f  HC1 f o r  

sa tura t ion  o f  the  alumina  surface. 

0 

The i n t e g r a l  heat of so lu t ion  of HC1 i n  water H a s  determined ty 

l i nea r   ex t r apo la t ion  of the   da ta  i n  Tabla XIII. The number of moles 

of adsorbed water was determined as described  atove. 

The i sos t e r i c   hea t   o f   adso rp t ion  (,QSL, was determined fmm t h e  

temperature  dependence of the  hydmgen  cnloride  adsorption shown i n  

Figure 34 and Figure 37. 'The exper imenta l   resu l t s  were l i n e a r i z e d  

on a I n  N vs I n  P p lo t .  Figure 44 shows a comparison  of  the  experimental 

data with results ca lcu la ted  using the  Langmuir  and t h e  Pkeundlich 

equa t ions   t o  fit  t h e  data. After f i t t i n g  and ex t rapola t ing  t h e  data 

t h e  i s o s t e r i c  heat was ca lcu la ted  using hydrogen  chloride  isotherms 
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TABLE X 

HEATS OF IMMERSION OF ALPHA AND GAMMA ALUMINA IN 0.1N HC1 AT 3OoC 

Camma 

Outgas -AwH 
Temperature  

-A,H 

("C) ( m J / m 2  0 
80 088 7.23 

100 949 7.73 

200 1351  17(1.%) 11.0 - + 0.1 

300 1732 t B(2.296) 14.1 - + 0.3 

400 1829 2 60(3.3%) 14.9 -+ - 0.5 



TAELE XI 

pH OF SLURRIES OF ALPHA ALUMINA AND HYDROCHLORIC ACID 

Outgas 
0 
100 

200 

200 

200 

200 

200 

0.1 

0.001 

0.01 

0.016 

0.032 

0.1 

PHO PHlO ’ DH60 p!180 - 
1.43  1.49  1.47 

3.37 10.03 9.76  9.39 

2.30  5.17 5.76 6.03 

2. Og 3.95 4.14 

1.74 2.11 2.33 2.62 

1.25 1.33 1.36 1.32 
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TABLE XI1 

pH OF SLURRIES OF GAMMA ALUMINA AND HYDROCHLORIC ACID 

PHlO PH60 '580 - - 
100 0.1 1.42 1.42 1.41 1.36 

200 0.001 3.16 4.51 4.65 4.69 

200 0.01 2.14 3.38 3.93 4.00 

200 0.016 2.01 2.38 3.54 3.93 

200 0 032 1.68 1.82 1.95 2.10 

200 0.1 1.26 1.27 1.29 1.29 
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TAHLE XI11 

INTEGRAL  HEATS OF SOLUTION FOR HQ IN WATER AT 25OC 

Moles of H20 per mole HC1 

20,000 
5.000 
3,000 
1.000 
400 
200 
100 
50 
25 
15 
10 
8 
6 
4 
3 
2 
1 

Integral Heat 
(kcal/mole) 

-18.003 
-17 978 
-17 952 
-17.940 
-17 893 
-17.839 

-17 69 3 

-17 315 

-16.651 
-16.35 
-15.79 
-14.67 
-13.63 

- 6.31 

-17 778 

-17 557 

-17.01 

-11.71 
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-8.0 

-8.2 
C 

-8.4 

0 
0 

0 

0 Experimental 

0 Langmuir 

0 F’reundlich 

I I 1 1 1 

-1. 0 1 2 3 

I n  P 

Figure 44. Comparison of Ekperimental Data with Results Calculated 
Using t h e  Langmuir  and  Freundlich  Equations for HC1 
Adsorption a t  O°C on Camma Alumina Outgassed a t  8OoC 



dstennined a t  0, 40 and 50°C and  Equation 11. Figures 45 and 46 show 

t h e  isosteric hea t   cumes  as a funct ion   of   sur face   coverage   for  H C l  . 

adsorption  on gamma alumina and  a lpha  a lumina,   respect ively.   hraluat ion 

of t h e  in tegra l  isosteric heat  of adsorpt ion ( J Qstd8) was facilitated 

by obtaining a quadrat ic   equat ion  descr ibing  the.   heat  curve using a 

non,-linear least square f i t  of t h e  Qst v s  0 data as descr ibed i n  

Appendix 10.   Integrat ion of the   equat ion  between 8 = 0 and 8 = 1 then 

gave t h e   i n t e g r a l  isosteric heat  of adsorption. 

The r e s u l t s   o f   t h e  water l a y e r  model a n a l y s i s   f o r  hydrogen  chlo- 

r ide   adsorp t ion  are shown i n   T a b l e  XIV. The  agreement  betueen  the 

heat  of adsorpt ion  determined  calor imetr ical ly ,  A %, and the   hea t   o f  

adsorption  determined f r o m  t he  gas phase  adsorption, A HG, i s  reason- 

ably good for   a lpha  a lumina  outgassed a t  80 and 200°C. The d i f fe rence  

i n  A H,, and A HG on alpha alumina outgassed a t  4OO0C may be an ind i -  

c a t i o n   t h a t   n o t  a l l  the  pre-adsorbed water was removed at 40OoC. 

The poor agreement f o r   t h e   h e a t s  of adsorpt ion on gamma alumina 

may be attributed to   the   p resence  of water on gamma alumina a t  40OoC. 

Fur ther   there  is  considerable   uncertainty i n  t h e  ex t rapola t ion  of t he  

in tegra l   hea t   o f   so lu t ion   curve   to   very  low concentrat ions where t h e  

heat   of   solut ion i s  not   reported.  

A comparison  of  the  calorimetric  heat and i n t e g r a l  isosteric 

heat  of a d s o r p t i o n   f o r  hydrogen  chloride  adsorption  on  alpha  alumina 

sugges t s   t ha t  hydrogen  chloride  adsorption may involve a two s t e p  

p r o c e s s   w i t h   i n i t i a l   s o l u t i o n  i n  pre-adsorbed water layers  surrounding 

the  alumina particle. However, f u r t h e r  work i s  needed t o   e s t a b l i s h  

the  thermodynamic va l id3  t y  o f   t h i s  model. 
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figure 45. Isosterlc Heat of Adsorption f o r  H C 1  on Camma Alumina 
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figure 46. Isosteric Heat of Adsorption f o r  HC1 on Alpha, Alumina 



TABLE XIV 

Adsorbent 

Gamma-80 

Gamma-200 

Gamma-400 

Alpha-80 

Alpha-200 

Alpha400 

RESULTS OF WATER LAYER MODEL TREATMEKT 

X IHS0l 

kcal mole  Hz0  kcal 
mole  HC1 9 

3.8 0.23  -2.3 

3.1 

-8.5 0.0 0.0 

-31.0 0.69 

-29.5 0.44 

-76.3 0.0 

-4.7 

-3.4 

0.0 

+L 
kcal 
mole 

-33.4 

- 

-79.9 

-28.3 

-32.2' 

d . 9  

-% 
kcal 
mole 

6.13 

- 

-8.5 . 

-26 3 

-26.2 

-76.3 
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I. ESCA Studies  : 

I n  o rde r   t o   e luc ida te   t he   na tu re   o f   t he   adso rp t ion  site and 

s t r u c t u r e  of t h e  adsorbed species, narrow  scan ESCA spectra were 

obtained  on  both  alpha  and gamma alumina before and after exposure 

t o  hydrogen  chloride. 

N g u r e  47 shows t h e  C 1  2p ESCA peak f o r  untreated gamma alumina. 

Untreated gamma alumina  contains some chlorine  contamination as Seen 

i n  Figure 47, which is not  unexpected  since it is prepared from Alcl 
The n a m w   s c a n  ESCA spectra o f   t h e  Al 2slI2, Al Zp, 0 1s and 

peaks are shown i n  Figures 48 through 51 for   un t rea ted   a lpha   a lumina .  

One sees a s i g n i f i c a n t   s i g n a l   f o r   c h l o r i n e   i n  Figure 51. T h i s   l a r g e  

s i g n a l ,  however, was obtained by count ing  the spectra i n  a r a t i o  of 

6:3:3:2;2 f o r   t h e  C 1  2p, Al 2s1j2, Al sp ,  0 Is , and C 1s1i2, t h u s  

t h e   c h l o r i n e   s i g n a l  was counted twice t h e  time as long as t h e  A 1  2 s  

and Al 2p signals. The sens i t iv i ty   o f   photoe lec t ron   spec t roscopy for 

chlor ine  i s  approximately three times greater than i ts  s e n s i t i v i t y  

f o r  aluminum as shown by Y a ~ e r . ~ ~  Thus, because of   the  greater 

sens i t iv i ty   and   longer   count ing  time, the  chlor ine  s ignal   does  not  

represent  a large chlor ine  concentrat ion.  An ESCA spectra of an 

un t rea t ed   t he t a  alumina prepared   in  an independent  laboratory79 by 

a p r e c i p i t a t i o n  method a l s o  gave a s ign i f i can t   ch lo r ine  peak as shown 

i n  Figure 52. 

3' 

1/2 

1/2 

1/2 

N a r r o w  scan ESCA spectra of t h e  two aluminas after outgassing at 

4OO0C and  exposure t o  20 t o r r  of hydrogen  chloride at O°C, surpr i s ing ly  

showed no increase  i n  t h e   c h l o r i n e   s i g n a l   n o r  any s i g n i f i c a n t  change 
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Figure 47. ESC4 Spectrum of Chlorine 2p Electrons Obtained from Untreated Gamma 
Alumina 
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figure 48. ESCA Spectrum of Aluminum 2s Electrons  Obtained fmm Untreated Alpha 
Alumina 
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Flgure 49. ESCA Spectrum of Aluminum  2p Electrons  Obtained f r o m  Untreated Alpha 
Alumina 
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60.4 



535.4 

Mgure 50. ESCA Spectrum of Oxygen 1s Electrons Obtained From Untreated A l p h a  
Alumina 

525.4 
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Flgure 51. ESCA Spectrum of Chlorine 2p ELectmns  Obtained fmm Untreated Alpha 
A l u m i n a  



Flgure 52. ESCA Spectrum of Chlorine 2p Electrons Obtained f r o m  Untreated  Theta 
Alumina 



i n  the  binding  energy o r  shape  of   the  chlor ine,  aluminum o r  oxygen 

peaks. Tables  XV and X V I  show the   e lec t ron   b inding   ' energy ,   fu l l  peak 

width at ha l f  maximum, range of t h e  ESCA peaks and work funct ion ( 8 )  
f o r  gamma and alpha  alumina,  respectively,   before and after treatment 

wi th   hydmgen  ch lor ide .   Fa i lure   to   observe   changes   in   the  ESCA spectra 

af ter  exposure t o  hydrogen  chlor ide  indicates   that   the  adsorbed hydro- 

gen ch lor ide  is be ing   l o s t   i n   t he   spec t romete r .  A simple  desorption 

under vacuum i s  unl ikely  s ince  isothenn data showed tha t   t hk  hydrogen 

chlor ide  adsorpt ion is i r r e v e r s i b l e .  A photodesorption  process is a 

possible explanat ion for the  loss  of  the  adsorbed  hydrogen  chloride,  

Photodesorption of gases has been observed  from  solids  such as Mo 

CdS81 a n d   s t a i n l e s s  steel. 

80 

82 



TAELE XV 

c1 2p 

Al 2 s  

A l  2P 

0 1s 

ESCA BINDING ENERGY, RANGE AND FULL PEAK WImH AT HALF 

MAXIMUM FOR GAMMA ALUMINA 

B. E. (ev) 
Range 102 
FWHM (eV) 

B. E. (eV) 
Range 102 
EWHM (ev) 

B. E. (eV)2 
Fbnge 10 
WHM (ev) 

B. E. (eV) 
Range 102 

Untreated 

198 9 
3.7 
3.8 

118.7 
12.8 
3.4 

73.9 
16.6 
3.0 

531.1 
37.3 
3.4 
-0.2 

197 3 
4.3 
4.1 

118.1 
13.3 
3.4 

73.3 
21.2, 
3.0 

530 e 7  
46.7 
3.4 
0.6 

Ave , 
198.1 

118.4 

73.6 

531.0 

HQ 'Ekposed 

198.1  196.1 
12.3  897 

3.7 

119.0  120.9 
10.7 9*6 
3.8 5.4 

74.0 74.2 
16.8 15.4 
3.4 3.2 

531.3 531.5 
25.9 28.9 
3.7 3.6 
1.8  1.2 

Ave . 
197 5 

119.9 

74.1 

531 2 
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TABLE XVI 

ESCA BINDING ENERGY, RANGE AND FULL PEAK WIDTH AT HALF 

MAXIMUM FOR ALPHA ALUMINA 

Untreated 

Q 2P 

Al 2s 

Al 2P 

0 1s 

Q 2P 

Al 2s 

2P 

0 1s 

B. E. (eV), 
Range 10 
FWHM (ev) 

B. E. (eV)2 
Range 10 
FWHM (ev) 

B. E. (eV) 

FWHM (ev) 

B. E. (eV)2 
Range 10 

Range 102 

B. E. (eV), 
Range 10 
WHPI (ev) 

B. E. (eV), 
Range 10 
FWHM (eV) 

B. E. (eV)2 
Range 10 
WHM (ev) 

B. E. (eV)2 
Range 10 

198.2 198.0 
0.4 1.3 
3.3 3.3 

117.8  118.1 
15.4  17.1 
2.6  2.6 

73.1 
20.0 
2.1 

530 3 530.6 
50.0 61.1 
2.4  2.6 
-3.0  -2.6 -0.6 

198.9 
1.4 
4.1 

118.2 
16.6 
3.1 

73.4 
25.8 
2.6 

530.8 
62.3 
3.1 
-0.9 

HQ Exposed 

198.3 
1.6 
4.0 

118.0 
17.6 
2.9 

73.2 
28.1 
2.3 

530.5 
53.2 
2.6 
-0.9 

198.4 
0.7 
3.8 

118.0 
18.3 
2.7 

73.2 
31.4 
2.3 

530 4 
71.8 
2.5 
-3.0 

Ave . 
198.1 

117 9 

73.2 

530.4 

Ave . 
198 5 

118.1 

73.3 

530.6 



V. SUMMARY AND CONCLUSIONS 

Character izat ion  of   the two adsorbents,   alpha  and gamma alumina, 

us ing  BET ni t rogen  surface area measurements, after outgassing at 

100, 200 and @O0C showed t h a t   t h e   s u r f a c e  area of  alpha  alumina was 

independent  of  outgas  temperature  but gamma alumina showed a l o s s   i n  

surface area a t  40OoC. The surface area of alpha  alumina was 8.1 5 

1.8 m2/g. Gamma alumina outgassed at 100 and 200°C had a surface 

area of 95.4 2 3.4 m /g  which  decreased  to 85.6 5 3.9 m /g after 

outgassing a t  40OoC. 

2 2 

Adsorption  and  desorption  isotherms  of  nitrogen at 77OK obtained 

on  both  aluminas showed no hys t e re s i s .  It was concluded t h a t   n e i t h e r  

alumina contained  micropores. 

Scanning  electron  photomicrographs  of  alpha  and gamma alumina 

showed t h e  particle s ize   and   tex ture  of the  aluminas. Gamma alumina 

cons is ted  of  c lus te rs   o f   secondary   par t ic les   appear ing   to  be l a r g e r  

than  the  par t ic les   of   a lpha  a lumina.  However, the  pr imary  par t ic les  

of  gamma alumina  studied a t  5OOOX magnification showed that they w e r e  

smaller than   the   p r imary   par t ic les  of alpha  alumina.  This  conclusion 

was cons i s t en t   w i th   ca l cu la t ed   pa r t i c l e   s i ze s   o f   a lpha   and  gamma 

alumina  based  on BET ni t rogen  surface areas. 

Adsorption  of water vapor on a lpha  and gamma alumina at 30, 40 

and 5OoC showed decreasing water vapor   adsorpt ion  with  increasing 

adsorpt ion temperature. The isosteric hea t  of adso rp t ion   fo r  water 

vapor was larger f o r   a l p h a  alumina t h a n   f o r  gamma alumina, based  on 

a Clausius-Claperyon  analysis  of  the  temperature  dependence. 
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Water vapor  adsorption  on  alpha  and gamma alumina showed a 

dependence  on outgas  temperature. Alumina outgassed a t  80, 200 and 

4OO0C showed increasing  adsorpt ion  of  water vapor.   This  increase was 

a t t r ibu ted   t o   success ive  removal of  physisorbed water f r o m  t h e  alumina. 

Readsorption experiments of water vapor  adsorption on alpha  and 

gamma alumina showed t h a t  water vapor  adsorption was completely 

reversible .  It was concluded that water vapor  adsorption on  both 

alpha  and gamma alumina  involved a physisorption  process. 

A significant d i f f e rence   i n   t he  water adsorption  capacity of the 

two aluminas was found. Alpha  alumina  adsorbed more water vapor per 

unit area than gamma alumina. The difference  in   adsorpt ion  capaci ty  

was explained by ideal surface models of alpha  and  gama  alumina. 

Differences in   adso rba te  areas, determined  using  the EET equation, 

w e r e  explained on t h e  basis of   the   idea l   sur face .  On alpha  alumina 

each adsorbed water molecule  occupied  an area of  12.4 (d cons is ten t  

wi th   the  calculated value of 13.5 8 fo r   t he   adso rba te  area on the  

ideal alpha alumina surface assuming  each  adsorbed water molecule 

required two surface oxygen ions. The  adsorbed area on t h e   i d e a l  gamma 

alumina surface would be 16 2 assuming two oxygen i o n s  as the adsorp- 

t i o n  site. The area obtained f r o m  the  adsorption  isotherms was 16.2 2 / 
molecule  on gamma alumina. On the  basis o f   t h i s  agreement, i t  was 

concluded that t h e  site fo r  water vapor  adsorption on alumina i s  two 

oxygen ions  with hydrogen  bonding occurr ing between the  adsorpt ion 

site and the  adsorbate. 

2 

2 

2 

2 

Hydrogen chloride  adsorption on alpha  and gamma alumina showed 

a dependence  on outgas  temperature  and  adsorption  temperature. 



Alumina outgassed at 80, 200 and 4oO°C showed increasing  hydrogen 

chloride adsorption  with  increasing  outgas  temperature.   Higher 

outgas  temperatures removed water molecules which were blocking sites 

on t h e  alumina necessary f o r  hydrogen  chloride  adsorption. 

Readsorption experiments of hydmgen  chloride  on  alpha and gamma 

alumina showed t h a t  hydrogen  chloride  adsorption was approximately 

6046 i r r e v e r s i b l e .  A study of the  temperature  dependence of t h e  

i r r e v e r s i b i l i t y  showed t h a t  hydrogen  chloride was not  completely 

desorbed from alpha  alumina  even a t  temperatures as high as Nl°C. 

Eecause of t h i s   i r r e v e r s i b i l i t y ,  it was concluded  that  hydrogen 

chloride  adsorption  on  alumina  involved a chemisorption  .process. 

Hydrogen chlor ide  adsorpt ion on alpha  and gamma alumina showed 

a dependence  on  adsorption  temperature. Hydrogen chlor ide  adsorpt ion 

isotherms  obtained at 0, 40 and 5OoC showed a decrease i n   t h e  amount 

adsorbed  with  increasing temperature. I s o s t e r i c   h e a t s  of adsorpt ion 

obtained from th i s   t empera tu re  dependence showed a n  increas ing   hea t  

of adsorption  with  increasing  outgas  temperature.  The isosteric 

hea t  of adsorpt ion decreased with  increasing  surface  coverage. 

A comparison of t h e  isosteric h e a t s  of  adsorpt ion  with  calor i -  

metric h e a t s  of adsorpt ion was made using a water l a y e r  model. Because 

of the  agreement of t h e  isosteric heats   and  the  calor imetr ic   heats  of 

adsorpt ion  for   Wdrogen  chlor ide  on  a lpha  a lumina after 80 and 200°C 

outgassing it was concluded  that   the  water l a y e r  model adequately 

described the  adsorption  process.  Hydrogen chloride  adsorption  on 

alumina may involve an i n i t i a l   s o l u t i o n   p r o c e s s  of t h e   g a s   i n   t h e  
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pre-adsorkd water surrounding  the  alumina particle followed by t h e  

adsorption on the  alumina surface'. 

A s ign i f i can t  difference i n   t h e  amount of hydrogen chlor ide 

adsorption  on  alpha  and gamma alumina was observed. Alpha alumina 

adsorbed more hydrogen ch lor ide   per   un i t  area than gamma alumina, 

T h i s  difference  in   adsorpt ion  capaci ty  was explained on the  basis of 

t h e   i d e a l  surface models for   a lpha   and  gamma alumina. Agreement nas  

observed between the  hydrogen chlor ide adsorbed area on gamma alumina 

(33.4 2 /molecule)  and  the area ca lcu la ted  for t h e  ideal gamma surface 

(32 2 /molecule)  assuming that an aluminum ion  is the  adsorption site. 

2 

2 

For the ideal alpha  alumina surface, using t h e  same assumption,  the 

adsorbed area was 19.5 8 /molecule in agreement  with 17.5 X2,hnolecule 2 

from the  hydrogen chloride  adsorption isotherms. On the   bas i s  of t he  

agreement  between t h e  ideal adsorbate areas and  those  obtained f r o m  

the   adsorpt ion  isotherms it was concluded t h a t  the  si te f o r  hydmgen 

chloride  adsorption on  alumina i s  a surface aluminum ion. 
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APPE3DIX 1 

Preparation  of  Alpha  and Gamma Alumina Samples f o r  

Infrared  Spectroscopx 

Attempts   to   prepare  infrared  t ransparent  d i s k s  of the  tno  a luminas 

nere  unsuccessful.  Various  techniques were t r ied  without   success .  

The  main source of problems  with gamma alumina was s t i c k i n g   t o   t h e  

faces of t h e   s t a i n l e s s  steel press.  To prevent   s t ick ing   the   p ress  

was pol ished  . several  times, heated  before  pressure was appl ied,   pressing 

under vacuum was a t tempted ,   var ia t ion   o f   the   p ressure  from 1200 t o  

20000 psi   and  the  mount   of  alumina was a l so   va r i ed .  (;amma alumina 

was pressed between f i l t e r  paper,   polycarbonate  f i lm  and  Teflon film 

lmt these  techniques w e r e  unsuccessful .   At tempts   to   re lease  the gamma 

alumina f r o m  t he  face of   the  press   using  acetone  and water only  cracked 

t h e  disk, Fina l ly ,   t he  gamma alumina was pressed between a s h l e s s  f i l -  

t e r  paper,   the  paper was ashed  off a t  5OO0C and  su i tab le   t ransparent  

d i s k s  were obtained. The c rys ta l l ine   phase  of the  alumina, however, 

nas  questionable  because  of  the  thermal  treatment.  

Alpha alumina  could be pressed   in to  disks without  encountering 

t h e   s t i c k i n g  problem.  Honever, a t t empt s   t o  press alpha  alumina  into 

d i s k s  t h i n  enough f o r  good transmission  propelcties w e r e  unsuccessful. 

Because  of t h e   d i f f i c u l t y   i n   p r e p a r i n g   s u i t a b l e  disks of the  

alumina samples no i n f r a r e d  measurements were performed. 



APPENDIX 2 

Sample Calculation of Isotherm from Experimental Data 

Data "abler 

Sample; Alon 
Run: 1 

Weight Pretreatment 

15.8768 ' 2 h r s  2OOzC 
2 hrs 50 C 
Ro = 526.25 

Helium Volume Cal ibrat ion I 

R1 R2 V I  '1 p2 
VT VS B 

648.10 634.80 113.43 121.8 108.5 127.3 13.9 

Volume Calculation; 

The system volume is ca lcu la ted  by first f ind ing   t he  pressure 
of Helium: 

P1 = 5 - Ro = 648.10 - 526.25 = 121.8 t o m  

P2 = R2 - Ro a 634.8 - 526.25 = 108.5 t o r r  

( 2 4  

(2-B) 

The t o t a l  volume is then: 

vT= ('I x '1) 113.43 cc X 121.8 torr = 127.3 cc - - ~. 

p2 108.25 torr ( 2 4  



HQ Adsorption  Calculation t 

The first point  on t h e  isothexm in mole  HCl/gram adsorbent 
is calculated by the following  procedure: 

then  : 

and then   us ing   the  ideal 

- P X V T  
N1 - R X T X Y  

= 35.52 lo" 

gas law: 

6.44 torr X 12'7.3 cc 
6.24 X lo4 cc- tor r  323OK 0.1145g 

( 2 4  

0 mole- K 

mole-gram -1 

The second  point is: 

(P1 X V I  + P2 X VSB), 
= - u.55 x 113.43) + (1.80 X 13.9) 

pcATJ 
- 

VT 1 8 . 3  

and then: 

The  number of moles  adsorbed by t he  second dose, using  equation 2 4 ,  
is then:  

N =  0.39 X 127.3 = 2.15 X ,  mole-gram -1 

.6.24 X lo4 X 323 X 0.1145 

T h i s  pmcedure is  cont inued  unt i l  all t h e  NI's have  been 

calculated.  To f ind  t h e  number of moles on t h e  surface a t  each 

pressure a summation i s  made of the number of  moles  deposited by 
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each dose. Thus, the last column in  the  table is calculated by: 

etc. 

The isotherm is  obtained by plotting Ns vs. Pmp, 



APPENDIX 3 

Resul t s  of S o l u b i l i t y  Measu.rernenJs of A l p t ~ . ~  and G q a  Al-yina 

in Water and  0.1 N Hydrochloric Acid 

Concentration of 
Aluminum 

Type of Alumina ( ppm) 

Blank (no  alumina) 0.0 

Solu t ion  

HQ 

HCI. 

HC1 

HCl 

HC1 

Y 0.9 

Y 60. b 

Y 

Y 

52.5 

72.8 

a 0.3 

a 

a 

3.7 

4.1 HC1 



APPENDIX 4 

" F ' 0 . l "  ~epgram to Fit Isotherm b t a  to  Freundlich 

Equation 

W A  
C-8K MODV 1 1  -219 

01 .05  T I I !   I "  L NP VS. V(MOLE/Pl*M) FROM FREUNDLICH" I 
01.06  T .. N *  I0t5-CALC . " I  I 

01  .@7 A I I "  T E N P E R A T U 3 E " T A , ' *  SYSTEM"SY, I 
Q 1  .@8 A " SURFACE AREA"SA , I  
01 .I5 A " NUMBER OF DETERMINATIONS" N ,  1 1  

91.25  S P = Q ;  S Q = 0 ;  S R-0;  S S=8; S W=a 
01.30 F I = I , N ;  D 2 .08  
01  .35 D 3 .00  
01 .48 G 7,635 

01.20 T " P r h I P ) t 5 " , !  I 

02.05  A " " X ( 1 1 , "  ".Y ( I 1 , I 
02 .07  S X ( I ) = F L O G ( X ( I > > ;  S Y ( I ) = F L O G ( Y ( I ) / S A >  
02.15 S P = P + X ( I > ;  S Q=Q+Y ( I )  
02.20 S R = R + X ( I > * X ( I ) ;  S S = S + X ( I ) * Y ( I > ;  S W=W+Y(I>*Y(I> 

83 .85  S N S Z ( N *  S-P*Q) 
03.18 S D=N* R -P*P 
03 . I  5 S NI=R*Q-P*S 
03.70 S SL=NS/D; S I N=NI/D 
03 .26  DO 6.DR 
03.28 S IN=IN-(5*FLOG(10>> 
93.30 T Z, ! '' I N T E R C E P T " 1  N," E R R O R " D B ,  I 
03.35  T " SLOPE"  SL ," E R R O R "  D M, I 
03.48 T E R R O R  I N  INTERCEPT I N C O R R E C T " ,  I ! 

06 .05  S RS=SL*( W / N >  
06.10 S TS:=W-(Q*Q> / N  
06.15 S SS=TS-RS 
06.20 S S Q = S S / ( N - 2 )  
Q6.25 S DM=FSQT(SQ/(D/N>> 
06.35 S DY =FSQT(SQ)  
06.45 S CB =FSQT  ((SQ*R> / D  1 
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07.p15 A " NUMBEFi OF POINTS"NP,I 
07.10 A " I NCREMENT MOLE/#P l" IC , I  
07.1 5 A " I NITIAL M O L E / : ~ N " N M , ! ! !  
07.20 F I = l  ,NP; D 8.00 
07.25 G 9.01 

09.01 G 1.!35 * 

output : 

LIJP VS. V ( M O L E / M * M )  F R O M  F R E U N D L I C H  
W 10 75-CALC. 

T E M P E R A T U R E : D  SYSTEM: HCLGZOQ 
SU,SFACE AREh:95.4 
NUMBER OF DETERFIINATIONS: 6 

: 1 .e5 r45 .77  
:4.85 : 49.99 
: 9 . 0 8  : 53.40 
: 12 .c10 : 55.14 
: 15.65 : 56.44 
: 10.25 : 58.61 

INTERCEPT~-9.1231 (53Ei-02 E R R O R -  0.5691F7E-32 

E R R O R  IN INTERCEPT INCORRECT 
SLOPE= 0.1832 12 E + 3 m  E R R O R =  0.3R7512E-32 
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PJUOIBER OF POI NTS: 20  
I NCREMENT FlOLE/i’NrM: 5 .OE-7 
I N I T I A L  MOLE/PW M: 5 .BE -7 

LI IP=-O .2 I24  1 6E+82 
LNP = - B  . 14525RE+flZ 
LNP =-4. I059  74.E+R2 
LNP=-3.7810fl5E+al 
LNP= -3.5648m5E+O 1 
LFlP Z-9 .3 88 1 57E+O 1 
LNP=-3 .23RRf l4E+Dl  
LNP=-9,1\39427E+O1 
LNP= PI .4 6982 1 E-L: 1 
L N P =  0.106774E+91 
LNP= 8.1991 I R E + . F ) I  
L N P =  B .283422?E+PI I 
LPIP- 0.3 609 73E+O I 
LFJP’= O.432775E+O1 
L NP = 0.490 62@E+a 1 
LNP= @.562149E+a l  
LNP= B,62C?RF7E+L31 
LNP= 6.676266E+Bl 
LNP= 91.722652E+01 
L N P =  0.77834RE+gI 



" ~ ~ "  program t o  Calculate Isosteric Heats of 

Adsorption Using mundlich Parameters 

W A  
C-3K MODV 1 1  -219 

01.05  T ! ! I I "  H E A T  FROM FREUNDLICH"! 
01 .86  T " L N P  VS l / T " I !  
01.07 A " NM*lPIE-5" N M , !  
01.15 A " NUMBER OF DETERMINATIONS" N ,  I !  
01  .20 T " T LNP" , ! ! 
01  .25 S P=0; S Q=P,; S R=0; S S=8; S W = O  
01.30 F 1=1 , N ;  D 2.0cI 
01.35 D 3.60 
01.40 G 1.l35 

02.05  A " " X (1) ," " Y(I>,I 
02.07 S X ( J ) = I / ( X ( I ) + 2 7 3 )  
02.15 S P=P+X(I>; S Q=Q+Y(I) 
02.20 S R = R + X ( I ) * X ( I ) ;  S S=S+X(I>*Y(I); S W=W+Y(I>*Y(I> 

0 3  .p15 S NS=( fJ*S-P*Q) 
03.10 S D=N*R-P*P 
03.1 5 S NI;,*Q-P*S 
03.20 S SL=NS/D; S IN=NI/D 
03 .26  D O  6.00 
03.27 S HT=SL*l  .9FJ7/10pI0; S H E = D M * l  .987/10BW 

03 .30  T " H EAT KCAL/MOLE"HT,"  ERR O R " H E ,  ! I 
0 3 . 3 5  T " SL0PE"SL ," ERR OR" D M,  I 

03.4El T " E R R O R  I N  Y"DY,  ! I 

06.G15 S RS=SL* ( N S / N )  
06.10 S TS=W-(Q*Q) / N  
06.1  5 S SS=TS.-RS 
06.20 S S Q = S S / ( N 4 ? ! )  
06.25 S I)M=FSQT (SQ/( D / N )  1 
0 6 . 3 5  S DY=FSQT(SO) 
06.45 S CB=FSQT((SQ*R> /Dl * 



APPENDIX 6 

A t l e g t A g n  Data for Watervapor Adsorption on Gamma Alumina 

Outgas  Temperature: 8OoC 
Adsorption Temperature : 3OoC 

RUl1 

Run2 

0.70 
3.55 
6.40 
9.35 

14.25 

1.20 
5.05 
9 045 

15.05 

Outgas Temperatures 8OoC 
Adsorption Temperature : 4OoC 

Run1 

Run2 

pEXP 
( t o r r )  

2.30 
5.50 
9.15 

15.20 

1.35 
3.30 
6.90 

11.10 
16.60 

61.  a9 97.99 
118.99 
140.31 
161.63 

62  ;84 
110.84 
140.69 
167.30 
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Outgas Teapestu=: 8OoC 
Adsorption Temperature I 50°C 

RWl1 

pEXP 
I torr) 

1.10 
1.95 
2.30 
5.25 
7 995 

10.85 
14.95 
16.50 

1.10 
3.20 
7.00 

11.20 
15s 30 
17 -65 

Outgas Temperature I 2OO0C 
Adsorption Temperature I 40°C 

Run1 

FmI2 

*ED 
( to r r )  

1.10 
3.55 
5.95 

2.20 
5.05 
8.40 

13.35 
16.45 

1975 
4.90 
8.50 

11.60 
16.05 

34.98 

49.93 
65.47 

42.81 

71.46 
80.38 
91.60 
99.47 

44.40 
63.71 
79 59 
91.81 

100.56 
1N.70 

N~ x 105 
mole/g ) 

63.71 
86 .41 

104.80 

70.76 

1 1 G .  82 
126.54 

91 9 67 

134.76 

65.39 
90.16 

107.46 
122.25 
133.48 
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Run4 

Outgas  Temperature I bOO°C 
Adsorption Temperature I 2 7 O C  

Run1 

pEXP 
0 
0- 35 
2.10 
6.15 
10.80 
16.70 

Outgas Temperature, @OoC 
Adsorption Temperature : 4OoC 

Run1 

Outgas  Temperature I 400°C 
Adsorption  Temperature I 5OoC 

Run1 

pExp 
0 
3.05 

11.70 
16.85 

7 e70 

66.69 84.84 
107.29 
126.96 
141.07 

79 15 
121.95 
163.01 
194.21 
222.89 

94.74 

133.69 
117.81 

146.50 



APPENDIX 7 

Adsorption  Data for Water Vapor Adsorption on  Alpha  Alumina 

Outgas  Temperature : 8OoC 
Adsorption  Temperature : 27OC 

Run 1 0.80 

3.20 
6.65 
11.00 
15.05 

1.55 
5.50 
7.24 
9.80 
13.18 
16.14 
18.72 

Outgas Tempemturn : 8OoC 
Adsorption  Temperature : 40°C 

pExP N~ x 105 
( t o r r )  (mole/g) 

Run1 1.65 
3.55 
5.90 
8.65 
11.40 
17 35 

2.15 

6.20 
3.65 

8.55 
'11.65 
15.20 
18.20 

5.49 
7.02 
8.70 
10.18 
11.42 
12.67 

5.73 
6.87 
8.64 
9.73 
11.10 
12.25 
13.09 
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Outgas Temperature:  8OoC 
Adsorption Temperature  x 50°C 

Run2 

3.35 
8.85 

12.50 
16.60 
20.10 

Outgas Temperature : 2OO0C 
Adsorption Temperature I 4OoC 

Run1 

b n  2 

( to r r )  

1.35 
6.65 

11.65 
15.95 

2.70 

8.30 

16.70 

5-05 

13.75 

4.12 

5.65 
6.44 
7.02 

5.05 

7.25 
7.22 

3.99 
5.76 
6.82 
7.43 
7.66 

4.78 
6.66 

6-36 
8.66 

7.62 

N~ x 105 
(mole/R) 

7.73 
10.96 
12.72 
13.96 

8.30 
10.20 
11.88 
14.02 
14.94 



Outgas Temperature : 4OO0C 
Adsorption Temperature : 3OoC 

0.20 
1.85 
4.95 
8.00 

12.70 
16.00 

mtgas Temperature : lioooc 
Adsorption  Temperature : 4OoC 

( t o r r )  

Run 1 

R u n 2  

1.60 

11.05 
15.80 

7.20 

Outgas Temperature : 4OO0C 
Adsorption  Temperature I 5OoC 

0.45 
3.60 

12.45 
19 80 

7.30 

Run1 

t o r r )  

0.40 
4.15 
9.10 

14.40 

N~ x 105 
(mole/g) 

9.74 
13.35 
17 a 7.3 
20.46 
24.42 
27.73 

N~ x 105 

9.30 
11.69 
15.54 
17.2i 

8.84 
13.21 
15.99 

21.10 
1a,61 

N~ x 105 
lmole/g) 



APPENDIX 8 

AdsorptLon ~ ~. ... ~. Data f o r  H y h g e n  ~ _ _ _  Chloride Adso . t i on   on  Gamma Alumina 

Outgas  Temperature: 8OoC 
Adsorption  Temperature I O°C 

Run1 

'EXP 
( t o r r )  

1.05 
3.00 
5.35 
9.20 

13.20 
16.80 
18.50 

Outgas Temperature t 8OoC 
Adsorption  Temperature I 40°C 

Run1 

Run2 

Run3 

*EXP 
( t o r r )  

0.50 
0.60 
4.85 

11.70 
17.10 
38.10 

1.50 
4.41 
7.20 

12.20 
19 05 

0.30 

9.10 
12.80 

23.30 

5.30 

16.50 

38.46 
42.42 

47.08 
4 . 8 0  
50.80 

44.92 

51 70 

N~ x 105 
(rnole/p) 

24.35 
30.63 
38.90 
42.47 
43.74 
46.65 

36 98 
39 59 
41 53 
43 w 33 44.. 78 

31 rn 03 
37 85 
39 57 
41.25 
46.46 
45 9 95 
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Outgas Temperature: 8OoC 
Adsorption Temperature : 5OoC 

Run1 

Run 2 

Run3 

Run4 

0.50 
0.85 
2.70 
3.90 
7.40 

13.40 
19.40 

10.05 

0.40 
0.90 
1.40 
2.65 
6.70 

13.20 
20.70 

tor r )  

4.25 
6.00 

10 95 
15.80 
20.70 

0.10 

9.70 
4.95 

16.90 
20.95 

0.65 
2.60 
5.75 

12.65 
18.50 

0.85 
1.50 
6.80 

11.35 
17.55 

32.03 
9.70 
37.18 38.58 
39.86 
41.41 
42.42 
43.58 

31.21 
33.80 
34.74 
39.79 
42.82 
44.74 
47.20 

N~ x 105 
imole/g) 

37 -95 
38.47 
40.40 
41.92 
42.23 

y C *  25 
35.49 
36 85 
39.25 
40.68 

31.46 
33.20 

37.78 
39.31 

35-75 
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Run5 

Outgas Temperature : 20O0CO 
Adsorption Temperature I 0 C 

Run1 

R u n 2  

0.80 
1.90 
4.05 
9.15 

18.85 
13.35 

1.25 
3.25 
8.35 

14.20 
19 50 

( t o r r )  

1.85 
4.85 
9.00 

12.00 
15.65 
19.25 

Outgas Temperature : 2OO0C 
Adsorption Temperature : 4OoC 

0.65 
5.55 
9.05 

12.90 
17.75 

Run1 

'EXP 
1 torr)  

0.80 
4.25 
8.15 

12.95 
19 50 

N~ x 105 
(mole/g) 

45.77 
49.99 
53.40 
55 14 56.44 
58.61 

39.65 
50.74 
53.93 
55.74 
57.91 

35.75 
39.69 
41 97 
42.78 
U.65 
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0.95 
4.20 
9.95 

15.90 
20.70 

Run 2 

Run 1 

R u n 2  

Outgas Temperature t 2OO0C 
Adsorption Temperature I 5OoC 

( t o r r )  

m l  1.80 
4.75 
9-70 

13.10 
18.20 

2.15 
7.55 

13.40 
19.40 

Outgas Tempemture : 400°C 
Adsorption Temperature I OOC 

'EXP 
1 torr)  

1-95 
3.85 
7-70 

11.95 
17. i o  

1.10 
4.55 
7-30 

13.60 
19 9 35 

N~ x 105 
(mole/g] 

35.52 
37.67 
39.60 
41.47 
43.07 

37.92 
40.27 
41.70 
43.28 

41 57 
44.68 
46 .?5 
47.04 
48.77 

41.87 
45.49 
48.20 
50.06 
51.35 



Outgas  Temperature c 400°C 
Adsorption Temperature I 4OoC 

'EXP 

Run 1 

Run 2 

Run 3 

Run4 

( t o m )  

10.05 
14.10 
18.20 

5.15 
7.70 

10.70 
16.60 
21.50 

1.25 
2.60 
5.40 
7.45 

10.65 
16.95 
19 95 

1.95 
4.10 
6.80 
9-70 

13.10 
15.95 
19 .YO 

Outgas Temperature I 4OO0C 
Adsorption Temperature jO°C 

Run 1 

pEXP 
t o m )  

0.25 
1.20 
5.85 

10.30 
15.25 
19.60 

N~ x 105 
(mole/g) 

41.30 
42.08 
42.73 

40.83 
42.35 
W. 08 
44.08 
4 4 . 5 4 ,  

38 59 
39.24 
39.63 
40.74 
41.13 
41.14 
41.08 

36.67 
37.95 
38.80 
38  .76 
38.79 
38.91 
38.79 

N~ X 105 
(mole/q) 

26.54 
32.56 
350 83 
37.22 
38.58 
40.16 





APPENDIX 9 

mrption Data for- .&~dm@n Chloride Adsorption on Alpha Alumina 

Outgas Temperature: 8OoC 
Adsorption Temperature : O°C 

Run1 

Run 2 

pEXP 
( t o r r )  

Outgas Temperature : 8OoC 
Adsorption Temperature : 4OoC 

0.55 
5.75 
9.30 

14.30 
19.85 

0.65 

11.60 
17.60 

4.95 

Run1 

Run2 

i t o m )  

1.15 
2.95 
7.30 

12.95 
19.35 

0.65 
6.60 

12.55 
17.65 
20.05 

N~ x 105 
imole/txl 

5.80 
7.09 
7.42 
7.59 
7.81 

6.67 
7.39 
7.90 
8.10 

N~ x 105 
imole/& 

4.89 
5.98 
6.44 

6.87 
6.69 

4.33 
5.71 
5.88 
6.03 
6.03 



Outgas Temperatun I 8OoC 
Adsorption Temperature I g 0 C  

Run1 

Run 2 

Outgas Temperature I 20O0CO 
Adsorption Temperature;  0 C 

Run1 

R u n 2  

tor r )  

1.45 
2.70 
7.8Q 
11.60 
16.50 
19 .40 

0.50 
1.15 
2.00 
5.80 
10.50 

21.40 
15a.35 

'EXP 
i t o r r )  

0.75 

6.55 
3.40 

20 55 

1.30 
4.20 
8.20 
11 55 
15.80 
19.50 

N~ x 105 
Jmole/g) 

4.28 
5.30 
5.66 
5.74 
5.85 
6.20 

2.95 
3.59 
4.55 
5.35 
5.57 
5.72 
5.76 

N~ x 105 

8.53 
8.67 
8.77 
8.85 

8.64 
8.83 
9.04 
9.27 
9.35 
9.33 

- "" . . . .. . . .. . . . .. . . . - . .. . . . "" . . . . . - . I . ~ ~~~ 
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Outgas Temperature t 2OO0C 
Adsorption Temperature I 4OoC 

Run 1 

Run 2 

(torr) 

2.25 
5.50 
8.60 

13.10 
18.45 

4.40 
7.85 

12.30 
16.60 

Outgas Temperature  : 200°C 
Adsorption Temperature : 5OoC 

Run 1 

Run 2 

( t o r r 1  

0.50 
4.00 
9.20 

13.30 
18.40 

0.65 
4.90 

10.50 

18.60 
16.90 

7.31 
7.43 
7.52 
7.55 
7.61 

7.43 
7.57 
7.65 
7-70 

N~ x 105 
(mole/g) 

6.36 
7-07 
7.33 
7.48 
7.53 

6.67 
7.21 
7.37 
7-49 
7.57 



Outgas Temperature I 400°Co 
Adsorption Temperatures 0 C 

Run1 

Run2 

&!?Ed 

2.05 
6.25 
9.80 

Outgas Temperature I 4OO0C 
Adsorption Temperaturn I 40°C 

Run3 

1.10 
3.55 
7.15 

11.80 
17 55 

Run 1 

Run 2 

(torr) 

6.75 
2.30 

12.55 
21.05 

0.15 
1.65 
3.80 

11.60 
18.75 

0.15 
0.90 
3.55 

14.00 
19.95 

N~ x 105 
irnole/g) 

9.40 
9. yt 
9.70 
9.93 

10.03 

8.98 
9.05 
9.25 
9.38 
9.49 

N~ x 105 
Jmole/g) 

7.73 
7.96 
8.09 
8.41 

5.60 
6.85 
7.11 
7.47 
7.65 

6.67 
7.23 
7.60 
7.95 
8.04 

. ._ 
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m 4  

Outgas Tempera€urea 40OoC 
Adsorption Temperature I W0C 

0.40 
2.98 
8.50 
14.00 
19-05 

Run 1 

Run2 

'EXP 
0 
0.10 
0.20 
0.85 
6.05 
11.70 

1.15 
8.60 
13.20 
18.05 

7.46 
7.75 
7.98 
8.15 
8.22 

Ns X 105 
(molejg) 

4.57 
5.62 
6.85 

7.87 

7.45 
7.81 
7.93 
8.04 

7.62 

I It 



APPENDIX 10 

"FOCAL" Program t o  Flt Isosteric Heats of Adsorption VS. 

Surface Coverage t o  a Quadratic Equation (83) 



0 7 . 6 5  I ( 1 - 9 ) 7 . 1 8 , 7 . 1 5 , 7 . 1 8  
07 .18  S A(I+3* R ) = Q  
07.15 R 
07 .20  F I = I , N P ;  D 8.80 
07 .25  G 9.61 

O R . @ )  S AB=FLOG(CIM) ;  S LMP=(AD-IN>/SL 
0R.BR T '' Nf'l"NP1," LNP" LNP,  I 
08.10 S NtQ=Nt ' t t IC  





APPENDIX 11 

. CalculationPoofthe Amount o f  I i y ~ t x e n  Chloride Adsorbed 

on Alumina i n  Exhaust Cloud 

Exhaust 30.s A1203, 20.H HQ, 9.4% HzO, 24.s CO, 
3.W C02, 2.s HZ, 8.7% N2 and 0.6% FeQ3 

T&-Amount Adsorbed f r o m  t h e  Exhaust is: 
Wc = Ns X MW X Rev X WAl 

2 3  

where: Ns = mole adsorbed/g  alumina 

MW = moleculaz  weight of HQ 

Rev =I percent of H C l  adsorbed t h a t  is i r r e v e r s i b l e  

wA1203 
=I wt. of Al 0 i n  exhaust  cloud 

2 3  

Assuming that all t h e  A l  0 i s  gamma alumina and using  the 

data f o r  HQ adsorption a t  O°C on gamma alumina,  outgassed a t  MO0C 

which were the  condi t ions f o r  m a x i m u m  adsorption. For a lOOg cloud: 

2 3  

o r  



APPENDIX 12 

Heats of Immersion of Aluminas i n  !.later 

and Hydrochloric A c i d  

J .P .  IJightman 

V i s i t i n g  Professor  
* 

Department o f  Physical  Chemistry,   l lnivcrsity o f  f i r i s t o ] ,  

U r i s t o l  BSC lTS,  Enp,land. 

INTRODUCTION 

Heats of immersion  have  been  widely  rcDorted  €or a number o f  

systems (1). There  have  been a number o f  such  s tud ies   repor ted  

for   the   water /a lunina   sys tem (2-6) .  I n   p a r t i c u l a r ,   t h e   e f f e c t s  

of pre-treatment  temperature ( ? , 3 , 6 ) ,  p a r t i c l e   s i z e  ( 2 )  and 

crys ta l l ine   phase  (2 ,5 )   on  t h e  hea t  o f  imrucrsion h a w  been 

examined. The enhanced c a t a l y t i c   a c t i v i t y  O F  alumina  exposed t o  

H C 1  has  been  noted ( 7 - 9 ) .  In conjunct ion  with  recent   infrared 

spec t roscopic ,   e lec t ron   spec t roscopy €or  chemical  analysis (ESCA) 

and adsorp t ion   s tud ies  of  tic1 on  alrmina i n  ollr l abora tory ,  a 

heat of  immersion study was a l s o  bcoun.  Thcrc i s  n o  hea t  o f  immersion 

data   reported f o r  the  aluminn/llCl 

(SI 

( 7 )  

(3s )  system* 

E X P E R I X N T A L  

Calorimeter.  The hea ts  of  immersion  were  deten<lined  in n Calvet 

microcalorimeter  (10).  There  has  been  infreqllent I I S ~  o f  t l ~ i s  tvpe 

o f  ca lor imeter   in   hea t  of  immersion s t u d i e s  (11,1?).  A hloclc d i a ~ r n m  

-~ 

. - -. . . . . . . .  

* 
From: Department of  Chevistry,  

Vi re in in   Poly tec l ln ic   Ins t i tu te  and  S t a t e   Un ive r s i ty ,  
Blacksburg,  VirSinla 2 4 0 6 1 ,  U . S . A .  

160 
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of   the  calor imeter  i s  shown in   F igure  1. The Calvet  microcalorimeter 

model MS 70 was manufactured by SETARAV (Lyons,  France).. Tlle 

ca lor imetcr   has  a ncasurenent  t l lrc-shold  (cbtection  l imit)  of 

200 pJ an3 a s e n s i t i v i t y  of % 60 pV/nlk!. O t h e r  S E T A R M  components 

i nc luded   t he   t empera tu re   r ep la to r  (D) motlcl 3OOOR, tlle DC nanovolt 

ampl i f i e r  (I?) model NV 724 and  tlle I T C  i n t e g r a t o r  (G) with  counter.  

A 10 mV Graphispot  recorder (F)  was used to   obtain  the  thermop,rm 

fo r   v i sua l   i n spec t ion   on ly .  

The de tec to r  ( A )  cons is ted  of n p i l e  of: 1?4  chromcl-almcl 

thermocouples. One detector  surrounded  tlle  mcasurinp, (sample! c e l l  

and a second  detector   surrounded  the  reference  cel l .  The p a i r  

cons t i t u t e s  one sanple   systen . Two simple syste-ns  were use.1 a n d  a r e  

labe l led  "I" and "11". The measuring and r e fe rence   ce l l s  in each 

system were e l e c t r i c a l l y  opposed so t h a t  any e f f e c t   f l u c t u a t i o n   i n  

the  temperature   of   the   calor imeter  on the  output   of   the   sanplc   cel l  

was minimized.  This  arrangment  resulted 1.11 p.ood h a s e  l i n e   s t a b i l i t y  

over  very  long times necessary  in  t h i s  s tudy.  Tile output from t h e  

sample c e l l  was amplif ied and simllltaneously  recorded and in t eg ra t ed .  

Mater ia l s .  A s tock   so lu t ion  O F  0.1 N \ IC1  [ J J S  prenared f r o n  a s tandard 

H C 1  so lu t ion  (BDH Chemicals  Ltd. - CVY). Solut ions of  spec i f i ed  

concentrat ions were prepared  volumetrically by d i lu t ion   o f   t he  0.1 N 

s tock   so lu t ion .  Alon-C was obtained from  Cnbot Co. and used  wi.thout 

fur ther   p re t rea tment .  An X-ray  powder d i f f r ac t ion   pa t t e rn   exh ib i t ed  

l i n e s   c h a r a c t e r i s t i c  of  y-A1 0 Average I3ET sur face   a reas  of  95.4 

and 85.6 m p, for   samples   outsassed  a t  100-200 and 400 C, respec t ive ly ,  

were obtained  by low tenpcrature   ni t rogen  adsorpt ion  based on a cross-  

s e c t i o n a l  area of   ni t rogen of 0.164 nm- (13).  Reactive  alumina 

2 3 '  
2 -1 0 

7 

A16SC vas obtained from  Alcnn and used  without   fur ther   pretreatment .  

An X-ray powder d i f f r a c t i o n   n a t t e r n   e x h i b i t e d   l i n e s   c h m a c t e r i s t i c  of 
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a-A1 0 An average EET sur face   a rea   o f  8.14 m was obtained 

independent of outgassing  temperature  in  the  range 100 t o  400 C (13) 

Procedurp_.  Samples  of )“A1203 (‘W.05 g) and of a-A1 0 (% 0.5 E) 

were weighed into  pyrex ampoules with break-oEf t i p s .  The ampolllcs 

2 -1 
2 3’ 

0 

2 3  

were  prepared  in  the  University  Class Shop. The samples  were  then 

evacuated   a t   d l0   Torr   for  1 h r  a t   the   snec i f ied   t empera ture .  The -5 

ampoules  were  then  sealed  off  in  vacuo. The sasnple  ampoulc was 

a l i g n e d   c a r e f u l l y   i n   t h e  sample holder  of the  calor imeter  and 

2.5 c1n3 o f  e i t h e r   d i s t i l l e d   w a t e r   o r  NC1 v a s  added t o  a pyrex 

i n s e r t  in t h e   s t a i n l e s s   s t e e l   v e s s e l .  The inser t   prevented 
(aq> 

possible  reaction  between l l C l  and s t a i n l e s s   s t e e l .  The 

assembled  cel l  was p laced   in   the   ca lor imeter  and  allowed  to come t o  

s t e a d y  State  typically in 2 hrs. T h e  amFou1e t i p  was then  broken by 

depressing  the  plunger  assembly and the  area  under   the thermogram 

(proport ional   to   the  enthalpy  change)  was obta ined   v ia   the   in tcgra tor -  

(aq> 

counter.   Typical thermograms a r c  shown i l l  7i::urcs ?a a n d  211 w i t h  

and without   Pel t ier   compensat ion,   respect ively.  The s teady  s t .a te  

condition was re-establ ished  a t   t imes  ranging from 50 t o  1 4 0  minutes. 

The heat of empty bulb  breakin?  in  both  water and 0 .1  ?I l I C 1  was 

determined  also.  

(as)  

” Cal ibra t ion .  The s e n s i t i v i t y ,  S ,  of the  calor imeter  I J ~ S  determined 

pe r iod ica l ly  by p lac ing   res i s tance   hea te rs   in   the   sample   ce l l  

pos i t ion   o f   the  two systems. The measured r e s i s t ance  ( R  ) of t he  

hea te r s   a r e  Riven in   Table  I .  The s e n s i t i v i t y  i s  t h e   r a t i o  of the  

11 

measured e l e c t r i c a l   i n p u t   t o  t h e  integrated  collnts (C) and was 

ca lcu la t ed  by the  equat ion 
3 

c -  r. SI? 

RSR 

s = -  RH t / C  2 

where E i s  the   po ten t i a l  in vo l t s   ac ross  a 10 s t anda rd   r e s i s to r  ” SR 
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while   current  i s  p a s s e d   t h r o q h   t h e   r e s i s t a n c e   h e a t e r   f o r  t seconds. 

Values of S de te rmined   for   bo th   sys tem are g iven   in   Table  I .  

Heats of immersion  were  obtained  with  and  without P e l t i e r  

cornpensation.  Since  the f i r s t  14 rrms were marlc. r s i n r ,   P e l t i e r  

compensation, tlle ca l cu la t ion  of t h e   e r f c c t i v r   P e l t i e r   c o c f f i c i c n t ,  

Pef f ,  i s  described. In P e l t i e r  colnpcnsntion, the  exothernic   wet t iny.  

process i s  compensated by cooliny,  the s m p l e  c e l l  ( v i a   t h e   P e l t i e r  

e f f e c t )   t h u s  making the   ca lor imeter  more near ly   isothermal .  Two 

independent   c i rcu i t s  were used   to   de te rn ine  P n m e l v ,  a Jou le  

c i r c u i t  ( J C )  and a P e l t i e r   c i r c u i t  (PC) .  The idea  i s  to   ach ieve  a 

s teady  s t a t e  i n  which the  Joule  hentiny: i s  in   excess  of t h e   P e l t i e r  

cooling.The  value of P was ca lcu la ted  I I V  the  equation, 

ef i"  

e f f  

% € E  

R H t  - sc 

s t anda rd   r e s i s to r s   o f  1 9 were  used i n   b o t h   c i r c u i t s .  Wlen 

s t a t e  has  been  established,  the number of  corlnts ( C )  over t 

is n o t e d .  Values of Peff  determined w i t h  3 ma flowin,? i n  

c i r c u i t   a r e   g i v e n   i n  T a b l e  I for   both  svstcms.  

steady 

jmc ( t )  

the P c l t i e r  

There are  a number o f   r e f e rences   t o  use of Pelti-er  compensation 

in   heats   determined  in   the  Calvet   microcalor imeter  12) . Thorne 

used P e l t i e r  coo l ing   i n   t he   hea t s  of immersion of Craphon in   o rgan ic  

l iquids( '*).  On t h e   o t h e r  hand, t h e r e  i s  no  discr lss ion  as   to  what 

d i f f e rence  i t  makes i n   t h e  measured  heat  whether P e l t i e r  cooling is  

u s e d  o r   n o t .  The operat ion o €  t h e   c a l o r i n e t e r  i s  obviously  s implif ied 

i f  P e l t i c r  cool.ing i s  not used. A series of experiments were done 

t o  assess whether  the  accur:~ry o-€ the  measrlretl hea t  i s  inproved by 

the   use  of Pe l t i e r   coo l ing .  

The experiment  here i s  t o  use  the  Joule   heater   and  introduce 
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a measured  quantity of hea t  (I Rt)   into  the  system. The hea t   input  

can a l s o  be  checked  by  using  the  integrator  and  the  determined 

s e n s i t i v i t y .  The r e s u l t s   a r e  shown in   Tahle  11. The agreement 

between  the  heat  calculated  in  both ways is  > 9 9 % ,  for   both  systems.  

Now i n  a separate   experiment ,   near ly   the same quan t i ty  of heat i s  

input   into  the  system. B u t .  i n   t h i s   c a s e ,   P e l t i e r   c o o l i n c  i s  used 

t o  compensate f o r  > 80Z of the  heat   input .  So t h e  compensated  heat 

A tj  can  be  calculated from the  equat ion 

2 

C 

where P i s  the   de t e rmined   Pe l t i e r   coe f f i c i en t ,  i s  t he  

measured po ten t i a l   ac ross   t he   s t anda rd   r e s i s to r  oE r e s i s t ance  R SR 

i n   t h e   P e l t i e r   c i r c u i t   d u r i n g  a time, t ,  o f  Pel t ier   cool inp, .  The 

non-compensated hea t ,  LI H i s  simply  the  product of t he   i n t eg ra t ed  

counts  and tlle d e t e n i n c d   s e n s i t i v i t y .  The s t u : ~  o f  the compensated 

(A,It> and non-compensated (ArJc I I )  heats  should e q u a l  the  heat :qgllt. 

The r e s u l t s  are  shown i n  Tab le  11. No improvement in   accuracy  i s  

gained by us ing   Pe l t ie r   cool ing .  

e f f  

NC 

The conclusion  rcached  here i s  t ha t   t he  u s e  of   Pel t ier   cool inr ,  

does  not  increase  the  accuracy  of  the  measured  heat (%?.l) obtained 

d i r c c t l y  from the   s ens i t i v i ty .   Th i s   s imp l i f i e s   t he   ope ra t ion   o f  

the  calor imeter   considerably  in   the  fol lowing ways: 

1. the   Pe l t i e r   coe f f i c i en t   does   no t  have t o  be  determined; 

2 .  measurements of p a r a m e t e r s   i n   t h e   P e l t i e r   c i r c u i t  drlriny. a run 

are e l imina ted ;  

3 .  concern   about   s tab i l i ty  of t he  P e l t i e r  c i r c u i t  i s  rcmoved; and 

4 .  cumula t ive   e r rors   in   the   hea t  of inunersion c a l c u l a t i o n   v i a  

A H are  reduced. 
C 

Data  Reduction. The ca1oriml:tric da t a  a r e   c o l l e c t e d   i n  Appendix .4 i n  
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chronological   order .  The run number and the  system used  are   given 

i n   t h e  f i r s t  column. The operating  temperattire of the  calor imeter  i s  

denoted by "T". The p o t e n t i a l   ( i n  mV) across  a 1 0 s t anda rd   r e s i s to r  

(Essn) i n   t h e   P e l t i e r   c i r c u i t   i s  mcasurcd  while  current i s  passed  For 

t seconds.   These  data  are  necessary For P e l t i e r  compensation  which 

was not used a f t e r   r u n  ?lo. 73. The ne t  number of counts, C we re 

r e c o r d e d   a t   s t e a d y   s t a t e   a f t e r  timc, t . Thc l a s t  column i s  the  

deviat ion from b a s e   l i n e   a t   s t e a d y   s t a t e ,  A expressed   in  m.  

The ca lo r ime t r i c   r e su l t s   a r e   co l l ec t ed   i n  Appendix B .  The 

sample  weight i n   a i r  and the  outgassin;:   tcn~pcrature  are I J  and T 

respec t ive ly .  The molar  concentration of i l C l  i s  C T h e  

compensated hea t ,  A H ( in   Jou le s )  was calculated  using  cquntion [ 3 ]  

The non-compensated hea t ,  A H was ca lcu la ted  b y  the  equation 

ne t '  

s s  

s s '  

prey  

(aq) H C 1 '  

C 

NC 

A lI = S.C NC net I 41 

Thc values O F  S €or  both systems wc1-c g i v f \ l l  i n  Tnhle I. The hea t s  or 

wcttinp,  wcrc  cnlculatcd by cquntions [SI and [ h ]  on both u n i t  weight 

and u n i t   a r e a   b a s i s  

-2 A H + A  H 
C NC (mJm . ) - A 11 = !J . I:' 

151 

where 1 is  t h e  s p e c i f i c   s u r f a c e   a r e a .  

The weight loss on outgassin2 & A 1 2 0 3  f o r  1 h r  up t o  40O0C a t  

6 10 Torr  was measured as 1.22. Hence, the  heats   of  immersion  were 

not  corrected for weigllt  loss on outgassing. The average  (€or  both 

systems)  heat of evacuated  bulb  breaking  determined  in  water and 

0.1 N H C 1  was 0.035  20.035 J and  0.062 20.024 J ,  respectively.   These 

values   represent  3.0% and 3.9:: in   the  worst   cases  (No.26, No. lQ8)   for  

a-A1203 and  y-A1203, respcc t ive ly .   Therefore ,   the  heats of immersion 

-5 
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were  not   corrected  for   heats   of   bulb  breaking.  

Error  Analysis.  The equation f o r  c a l c u l a t i n g   t h e   s e n s i t i v i t y ,  S ,  

was given  above  (see  equation [l] ) . 
Typical   valaes   of   the   parameters   in   equat ion [I] are   given below 

Parameter  Value A - ?: Error  

ESR 15.033 m V  fi) .00? -+O.O13Z 

994 .7  R f0 .3  i0 .O 307 

t 4 8 0  sec  k0.7 20  .O42Z 

C 4 8 2  counts 2 2  f r t . 3 0 7 2  

RSR 

RJll 

10 n 

Since   the   ca lcu la t ion  of S involves   only  mult ipl icat ion and 

d iv i s ion   t he   pe rcen t   e r ro r  in S i s  given by  a sum of  tlle  percent 

e r rors '  of the  parameters (0.0132 + 0.013% + 0.030: + 0.041 

+ 0.30'7Z) or  0.3067. Thus the  calculated  value  of  S and the  

expec ted   e r ror   l imi t s  would  be 2 . 2 5 6  x 10"(+0.007) Joules  cc:':lt . 
The average  value of S was 2 . 2 5 8  x 10 which i s  within  the  expected 

e r ror   range .  

-1 

-3 

The equat ion   for   ca lcu la t ing   the   hea t  O F  immersion ( A  H) was 
W 

given  above  (see  equation [ 5 ] ) .  

Typical  values of the  parameters   in   equat ion [5]  are  given below €or  

run No. 81. 

Parameter  Value 

S 2 . 2 5 8  x 10 J count  f0.007 0.31% 

C 1886 counts +25 1.333 

IJ 0 . 5 8 9 4  g f O  .0003 0 . 0 5 x  

-3 -1 

Again the   pe rcen t   e r ro r   i n  A ]!.is given by the  sum O F  the  parameters 

(0.31% + 1..322 + 0.05%) o r  1.682. Thus the calctl lated  value of 

11 
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A H and the   expec ted   e r ror  limits wot~lcl be  7.23  20.12 J 8 . -1 
w 

The larxest source of e r r o r  i s  the  uncertninty in the  nunher 

of counts  which  in  turn  depends upon the c r i t e r i a  selectell f o r  

reaching  steady s t a t e .  Tllac i s ,  a t  what point  i s  t h e  themlogram 

to  be  considered  complete? As can be seen fro21 FiCurc 2 ,  there  i s  

an asymptotic  approach t o   s t e a d y   s t a t e .  The i m e r s i o n  oE Craphon 

a graphi t ized  carbon  black,   in  a var i e ty  o €  oraanic   l iquids   reaches 

a well defined  steady s t a t e  i n  %50 minutes . The r a t i o n a l e   f o r  

the  longer  and less wel l  defined  steady s t a t e  in   the   a lumina  

systems are due t o  di€€usion,re-hydroxylation and chemical  processes 

absent   in   the Graphon system.  In most cases ,  ste.?tly s t a t e  was 

chosen when tile count   ra te  was < 2  counts Inin-' over a 10 min per iod ,  

which corresponds  to a 1.5 nun de f l ec t ion  from the base l i n e  ( see  

Appendix A). The effect   of   the   i l l -c!ef ined  s tca( lv   s ta te  i s  seen i n  

the heats of immersion ca l cu la t ed   a t   d i fve rcn t   t imes   i n  ' rd)lc 1 1 1 .  

The t ime  f igures   in   parent : lcs is  were a ~ - i ~ i : - , ' . ~ t - i l y  sclcctccl as  steady 

s t a t e .  The  low count ra te   s t lgges ts   tha t  tllis i s  a valid  assumption. 

Note tha t  a s ign i f icant   percent   e r ror   can  be obtained t)v terminat ing 

the  themogram  too  soon. 

(14) 

A second  source of  e r r o r  i s  the  heat  of bulb  breaking whicll 

although i t  i s  small ,  i t  i s  non-reproducil)lc. and hence   par t icu lar ly  

in   those   cases  o f  smaller hcnts  of  immersion  would  be  expected t o  cause 

deviat ion.  

RESULTS 

a-A1s3 The hea ts  of immersion of  a - h l  0 in   wa te r   a t  30 a s . 3  

function  of  outgassing  temperature  are  given i n  Table I V  and shown i n  

Figure 3 .  The hea t s  o €  immersion in   Table  I V  are  average  values of 

the   hea ts   g iven   in  Appendix R and are expressed on both a u n i t  weight 

and u n i t  area b a s i s .  The Ile:,t measured i s  independent  of  tlle sample  

0 

2 3  
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weight 3s shown on comparison of run Nos .S9 and  101. 

There is  a marked inc rease   i n   t he   hea t s  of immersion of CY-A1 0 2 3  

i n  water as t h e  outgassing  temperature i s  increased from 100 t o  

4000C. There i s  no  measured  decrease i n   t h e   s u r f a c e   a r e a  O F  

a-Al 0 over  this  temperature  range (3y  13) .   Therefore  the increase  

i n   t h e   h e a t  of immersion per   uni t   area i s  a t t r ibuted  to"rc-hydrat ion" 

of the  surface  fol lowing removal of  successive  layers  oE water   as   the  

2 3  

1 

outgassing  temperature i s  increased  ra ther   thar!   to  a decrease  in   the 

sur face   a rea .  l'lle value of A 11 a f t e r  100 outgassing i s  i n  the  rnngc 

of values  reported i n  t h e   l i t e r a t u r e  o f  370-656 m.J rn-2(7'B'6).  

However, the  value oE 1467 mJ m-? a r t c r  400 outc,assin;: i s  outs ide  

the  reported  range oE 503-1076 rn.J rn - 2 ( 2 9 3 ' 6 ) .  The larger   heat  in the  

0 

1.J 

0 

present work may be  due to   s eve ra l   f ac to r s   i nc lud inq   i n t e rac t ion  of  

water  with a sur face   coa t ing .  

The measured pH of  an a-A1 0 (outgassed  a t  100 C )  s l u r r y  0 

2 3  
( lg /5cc  H 0 - an  equivalent  loading  to t l l d L  u s e d  i n  the   ca lor imet r ic  

s tud ie s )  was 9.93 a f t e r  10 min as  noted i n  Table V .  The i n i t i a l  pIl 

2 

before n-A1 0 addi t ion was 5.70. 2 3  

The k i n e t i c s  of the  wetting  process were obtained from :in ana lys i s  

of   the  individual  thermograms. Al thou~l l  not a p a r t  of t he   o r ig ina l  

proposa l ,   these   k ine t ic   s tud ies  were a bonus s ince  such  ' s tudies   arc  

not  possible  with more convcnt ionnl   cnlor ineters  which a r c  usually 

s t i r red and  not  designed For long  time s t a b i l i t y  and k ine t ic   p rocesses  

a re  masked. The average  time  required  to  reach steady s t a t e   a f t e r  

imnersion i n  water of a-Al 0 outgassed  a t   d i f ferent   temperatures   are  

given  in  Table V I .  There i s  a s l i z h t  ternpcrnL:ure dependence on the  

s teady  s ta te   t ime,   the  higher   outgassing  temperatures   requir ing  the 

1on.ger times. 

2 3  

The hea ts  of immersion L . f  a-AL 0 i n   0 . 1  i.l I l C l  a s  a function of 2 3  
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outp,assing  temperature are given   in  T:lble VTT and shown i n   F i g u r e  3 .  

St r i c t ly   speak ing   t he  term Ileat o f  i n t e r a c t i o n   r a t h e r   t h a n   h e a t  of 

imer s ion   shou ld  be I I S E ~  in t h i s   c a s e   s i n c e  t!lerc i s  p a r t i a l  

d i s so lu t ion  of n " A 1  0 i n  0.1 N H C 1  ( I 3 ) .  The hcat oE iinvcrsion .of 

~ h l  0 i n  0.1 X l l C l  a l s o  increases   with ah i nc rease   i n  out;:assin? 

? 3  

2 3  

tenlperature .   Further ,   the   heat  of immersion i s  s i g n i f i c a n t l y   h i $ c r  

i n  0.1 1.J H C 1  than   in   water  a t  any  p,iven outgassing  temperature.  The 

increased  heat  amounts to   about  40r) rnJ in inulcpcndent of outgassing 

temperature. TheYc i s  no comparable l i t e ra ture   , l a ta   ava i . lab lc .  T11e 

l l e n t  oE i .ntcrnction  should bc re la ted   to   the   hent  of adsorpt ion a s  

tlccluced from l i C 1  adsorption  dat;l 

- 2  

(13) 
( s )  

T; easurcd pH of  an c i - A l , O  s l u r r y  ( lg /5cc  0.1 !I HC1) was 1.59 - 3  

a f t e r  10 Inin (Table V ) .  The i n i t i a l  pll belorc  Cx-'Il 0 additi0n.wa.s 

1.43. 

2 3  

The k i ~ e t i c   r e s u l t s  in:-TaSlc V I  aenin  suggcst a sl ight  te:npernturc 

dependence  on s t eady   s t a t e   t ime ,   t he   h i~hc r   ou tEass ing   t enpe rn tu re  

requir ing  the  loneer   t ime.  Yote t h a t  652 15 n i n   a r e   r e q u i r e d   t o  

r e a c h   s t e a d y   s t a t e   a f t e r  immersion 01 a-A1 0 i n  both water and 0.1 N i l C 1 .  7 3  

T h e  eEfcct of H C 1  concentrat ion on the  heat  of i n t e rac t ion  of 

u-A1203 outzassed   a t  200 C is shown in   Table  VI11 and p l o t t e d   i n  

Figure 4 .  The hea t  i s  f a i r l y   c o n s t a n t  from 0.1 E.! t o  0 .032  N followed 

by a sharp  drop  to  0.01 N and again a cons tan t   va lue   to  0.001 N. The 

value f o r  t h e  0.001 N so lu t ion  i s  s t i l l  considerably  above  the  heat of 

immersion i c  water,   presumal~ly  related to t h e   s t r o n g   e l e c t r o s t a t i c  

forces  of adsorption  coupled  with any d i s so lu t ion  which  occurs. The  

i n i t i a l  H C 1  concentrat ions were p l o t t e d   i n   F i g u r e  4 .  A more i n s t r u c t i v e  

p l o t  i s  obtained by  combining the   ca lo r ime t r i c   da t a   w i th   t he  pH 

rncasurments  (see  Table V )  a s  shown i n  Fi,q:ure 5. Here t h e   h e a t s  of 

imnersion  (leEt-hand  ordinat I ? )  are  plotted  ap,ainst   equilibrium pi: 

0 



1 7 0  

while  the  change  in pll on add i t ion  of a-Al 9 is p l o t t e d   i n   t h e  

right-hand  ordinate.  The sa l e  basic   Ecature  i s  seen ,   tha t  i s ,  n 

2 3  

sharp   decrease   in   the   hca t  of immersion i n  tilt? p11 ran;:e 3-5 but  

tlle constant heat of immersion for  tlle 0.01 sn\l 0.001 N HC1 

so lu t ions  i s  presumably dl16 t o   t he   dep le t ion  o f  11 i ons   i n   so lu t ion  

o n   i n t e r a c t i o n  w i t h  alumina. 

y-A120j. The hea ts  o f  inmersion of y-P.l 0.  ia \ .~n te r  as ;1 function o f  

outgassing  temperature i s  given  in   Table  I V  and shovn i n   F i r u r e  3. 

+ 

2 3  

Again, as i n   t h e  case of U-A1 O the heat of irnaersion of -(-A1 0 

increases  as  the  outgassing  temperature i s  incrc3sed.   Althorl~h 

thc   sur face   a rea   decreases  from 95.4  a t  Inn C f o r  C 5 . G  n ~ ' ? : ; - ~  a t  4 m 0  

2 3' 7 3  

0 

the   l l ta t   increases  by a f a c t o r  O F  2 .  , \gain,  the  increased  lieat o f  

inunersion i s  a t t r i b u t e d   t o  rernovnl oE adsorbed water.  Although  ten 

times l e s s  y-A1 0 was used  than C k A l  0 (Appendix B ) ,  the   weizhts  

used  correspond to  equivalcr l t   surface  areas .  Tlmt a su r f ace  

pllenomena and n o t  a bulk  process i s  involve.; i n  \!ctti.n:, !)y ijrltcr i s  

2 3  2 3  

of  inmersion of -(-A1 0 i s  less than   t ha t   fo r  cl.-:l12f13 on a unit a rea  

b a s i s  which agrees  w i t h  t h e   r e s u l t s  of !.!or.i;rloto e t   a l . (3 )   bu t   no t  

2 3  

wi th   t he   r e su l t s  of 1lt.nclrikse.n e t  a l .  ( 6 )  The reported v a l u e s  o f  

A H f o r  y-A1 0 outgassed   a t  100Orange froin '00 t o  470 n1.T n1-? anrl a t  

400 range from GOO t o  762 m J  m 

\I 2 3  
0 - 2 ( 2 , 3 , G )  . Tllc p resent  resul ts  Fa l l  

within  tlw  reported  range i n  both  cases.  

The ptl measurements  (see Tab le  V) a r e   p a r t i c u l a r l y  il1StrllCtiVe 
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obscrvcd  rntk,er  than a llccrense fro;n 5.272 t o  4..'tG f o r  .;-Al?03., 'Chesc 

a s  was observed  for  a-A1 0 
2 3 '  

The neasurctl pli of a y-.41 0 (out,qnsscc! ; ~ t  109 C )  s111rry i n  0 

2 3  

thc i n i t i a l  p l i .  A s imi la r   invnr innt  p;l w;1s o l ~ t n i n c d   f o r  a-.41 0 i l l  

0.1 N I I C 1 .  

3 3  

The immersion in   water  o f  .j'-Al,O3 outr.,?sscc! a t  19Q C rcrluircd 
n 

SO ln in  to   re -cs tab l i s l l  s tcadv  s t n t c  whrrc't:, 1?5 m i l l  IIcrc  requi reg? 

f o r  0.1 N I I C 1 .  Tor botll CY-A1 0 ant1 - ; - A l ? l J 3  (lO')o out!;..ls), nl)ntlC 

tllc same t i n c  (s 50 min) was require<! t o  rench   s teady   s ta te  wi t1l 

water   bu t   in  0.1 N I-IC1 t h e  t imc ( 1 ? 5  min) with -{-AI.  wns consit1cral)lv 

lonyer  than thc time (55  min) Fnr cx-Al 0 Tllc I I S C  o r  tlle Calvet 

microcalorinwter has nllowcrl the   I~. inet ics  of ther:nnl  processes  in the 

alumina/IICI  system t o  h c  prohcli n t  a level   not   herctoEorc  nossihlc .  

. .  

? 3  

? 3  

? 3 '  

( a d  
S 1 I T  1ARY 

Dcf in i t c   d i f f e rences   i n  the immersion  process O F  a-A1 9 and 3' 3 

y-A1203 in   bo th   wa te r  and aqueous i l C l  so lu t ion  were  noted. 

IJater " - The hea t  o f  wet t iny   (pcr   un i t  n r r n )  of a-A1 0 in   water  

g r e a t e r   t h a n   t h a t   f o r  y-Al,Og. The hea t  of wet t iny   for   bo th  a l ~ ~ ~ ~ i n a s  

increase  w i t h  incrensin: o ~ ~ t r a s  t c ~ ~ ~ p c r a t ~ ~ r e .  T l ~ c  time t o  reach 

s teady  s t a t e  on  immersion o f  cc-A1 0 was l e s s   t han   t ha t   fo r  )"I21 9 

2 3  

? 3  ? 3 '  
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There was no marked  dependence of the t ime  to   reach   s teady   s ta te  on 

outgassing  temperature f o r  a-A1 n The plf of an a-A1 0 s l u r r v  

increased  whereas a decrease was noted f o r  a -{-A1 0 s l u r r y .  

0.1 N l I C l  - The hea t  of wet t ing of  a - A 1  0 i n  0.1 N 1IC1 was c r e a t e r  

than  that  f o r  y-A1 0 . The heat of vettiny: f o r  hoth  a lwlinas   increase 

w i t h  increasing  outgas  temperature.  The heat o f  immersion oE or-A1 0 

decreased  with  decreasing l l C l  concentrat ion.  The time to   reach  

s t e a d y   s t a t e  on immersion  of a-A1 0 l e s s   t han   t ha t   fo r  y - A I  0 

Samples of a - A 1  0 outKassc(1 a t  hi .gller  tcxperatures  tended  to tnkc  

longer t o  reach   s teady   s ta te .  The time t o  reac l l   s teady   s ta te   for  

2 3' 2 3 .  

2 3  

."" 2 3  

2 3  

? 3  

2 3 ? 3' 

2 3  

. 1  N t1C1 whereas fo r  

1 compared to   water .  

remained unchanr,ctl 

a-A1 0 was about  the same in   both  water  and 

y-A1203 a longer  time was rcquirctl   in 0.1 N I!C 

The pH of s l u r r i e s  of b o t h  cc-Al2o3 and y-A1 0 2 3  

compared t o   t h e   i n i t i a l  ptl o f  0.1 !J 11C1. 

2 3  

'I'l~e al~ovc suanlnry i s  shown i n  al)l)rcviatcal 

AC:(I.II)I.II,ED(;'ll::STC; 

I would l i k e   t o  thank r r o f e s s o r  T?.li. 17verett f o r  the  opportuni ty  

to   ca r ry   ou t  this research i n  tlle  Physical Che;nistrv Depnrtnlent a t  tlle 

Universi ty  o f  f i r i s t o l .  The help o f  P . . J .  ' i a n n i n y  i n  Itecpint me 

on-strean i s  appreciated.  ?.!r. ? . E .  (Red G;1rrartl in  the  Chcrlistry 

Department G l a s s  Shop was responsihlc   for  t!lc n r e m r n t i o n  of tlle 

g l a s s  sample b u l b s .  
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TAiI1.E I 

CALTRRATION PARAMETERS 

System RH 

I 994 .7  

I1 992  .O 

S 
f 
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TABLE I1 

EFFECT OF PELTIER COMPENSATION 

C A H = S x C  

AHrneasd 

N (; 
f 

= s x c  



Run No. 73 TI 
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TABLE I11 

STEADY STATE C R I T E R I A  

t C -A  ti 
w z 

5 3  324  1 2 9 6  9 8 . 3  

7 2  7AH 1 3 0 7   9 9 . 1  

7 9  35 h 1710 9 3 . 3  

K I I ~  No. 1 7 6  I1 30 302 331 9 4 . 3  

40 9 2 2  3 39 5 6 . 6  

6 7  9!t 6 3 4  7 98 .3  

82 9 5 4  350 9 9 . 7  

(30) 9 5 6  351 1130 



T ('C> 
. P re 

100 

400 

529  * 2 5  ( 4 . 7 Z )   4 . 3 0  f 0.20 

0 7 0  f 55 ( 5 . 7 % )   7 . 8 8  f 0 . 4 7  

1266 * 4 2  ( 3 . 3 5 )  10.3 f 0 . 3  

14E4  * 7 . (0.5%)  12.0 f 0.1 

- A 1  0 2 3  

372 f 2 6  ( 7 . 0 7 )  35.6 +_ 2 . 4  

1126 f 1 (0.17) 70.8 ? 0.1 



I 

Ci-Al 0 
2 3  

100 

1 0 0  

2 0 0  

200 

2 0 0  

2 00 

200 

200 
r - .  - 

n 

0.1 

0 

0 . 0 0 1  

0.01 

0 . 0 1 6  

0 . 0 3 2  

0 . 1  
I . . .  -. . 

5 . 7 0  

1 . 4 3  

6 . 1 5  

3 . 3 7  

2 . 3 0  

2.09 

1 .74  

1 . 2 5  
....... - 

........ 

9 . 9 9  

1 . 4 9  

1 0 . 2 2  

1 2 . 0 3  

5 . 1 7  

3 .35  

2 .11  

1 .33  - 

3 . 7 ?  

- 

9 . 9 3  

3 . 7 6  

5 . 7 6  

- 

2 . 3 3  

1 . 3 6  

- 

? . 4 n  

1.47 

3 .36  

9 . 3 9  

6 . 0 3  

4 . 1 4  

2 . 6 2  

1 .32  

1 0 0  

1 . 3 6  1 . 4 1   1 . 4 2   1 . 4 2  0.1 100 

4 . 7 2   4 . 6 3   4 . 4 6   5 . 8 2  0 

~- . . . . .  __ . . .  
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TABLE VI 

AVERACE TI?IES TO RE-ESTABLISH STIXDY STATE 

. . .  , .. 
a - A 1  0 2 3  

-. . . " - . . - . 

50 

5 5  

70 

60 

a-Al 0 2 3  
- .  ..____ 

65 

5 5  

65 

pn 

7 0  

-{-A1 0 
2 3  

1 2 5  

120 
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TAI3T.E VI I 

HEATS OF IMMERSION OF O-Al  0 AND Y-A1203 I N  2 3  

0.1 N HC1 AT 30' 

T (OC) -A H(m.J m ') 
-3  

P =e W 

80 

100 

200 

300 

400 

100 

400 

888 

3 4 9  

1351 f 1 7 ( 1 . 2 % )  

1 7 3 2  2 35(2 .22 )  

1529  f h 0 ( 3 . 3 % )  

*{ -AI  0 2 3  

7 2 7  f 4 @ ( 5 . 5 % )  

172E 

- A  H(.T T, ) -1 
I.1 

7 . 2 3  

7 . 7 3  

11.0 f 0.1 

1 4 . 1  ? 0 . 3  

1 4 . 3  ? 0 . 5  

6 9 . 3  f 3 .C  

14 p. 
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TA1:l.E VI1 1 

0 .001 

0.01 

0.016 

0.032 

0.05 

0 . 1 

-AwH(mJ m -) 
-7  

1134 9 .23  

1188 ? 5 0 ( 4 . 2 7 )  9 . 6 8  ? 9 . 4 2  

1 2 2 2  3.95 

132') 10.2 

1333 10 .S  

1351 i 17(1.2%) 11.0 ! 0.1 
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TABLE IX 

SUMMARY OF RESIJLTS 
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L 

Figure 1. 

" 

Y 

1 

I L  1 ." 
.-1 

A 

Microcalorimetric  element  (detector) 

Temperature  regulator  probe 

Temperature  regulator  heater 

Temperature  regulator 

Amplifier 

Recorder 

Integrator 

Potentiometer 

Insulation 

Block  diagram of Calvet  microcalorimeter 

I 
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t (min) 

0 20 4 0 60 

I I I I I I I 

3 

Figure 2b. Typical thcrnograrn f o r  i.nmersinn O F  a-A1 0 in 0.1 ).! HC1 uithoilt 
2 3  

Pcltier  compensation (No .E l ) .  

4 

2 

0 -.--.-._. -. ."" "- 

U-AI  0 i n  0.1 M HCL 2 3  w i t 1 1  

Peltier  compensation (N0 .55) .  
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350 450  5 50 



1040 

f-" -> 

1 8  5 2 5 2 

cHc 1 

1 



. 
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APPEM3IX A 

CALORItIETRIC DATA 

18 T 

19 11 

2 4  I1 

2 5  I 

28 I1 

29 1 

. 35 I 

48 I 

149 11 

5 4  TI 

I; 5 T 

6 0  I T  

72 T 

7 3  I1 

X 1  T 

$ 8  11 

RC! I 

101 1 

l Q 6  T 

107 I1 

1 3 1  I 

132  II 

ESR 

(mv) 

2 . 9 9 4  

2 . 3 9 5  

2.99s 

2 . 9 0 7  

2 . 9 9 4  

2 . 9 9 3  

2 .?94 

2 . 9 9 6  

? .399 

2 .?99  

2 . 9 3 9  

2 . 3 9 5  

2 . 9 3 2  

2 . 9 9 2  

1 1 7 . 3  

1 7 9 . 7  

1 7 9 . 7  

1 9 5 . 7  

1 2 5 . 3  

1 1 9 . 3  

1 2 0 . 3  

2 h 0 . 7  

(119.8 

353.4  

160. .o 

“ 2 . 7  

(r01.2 

3/15. ? 

55 1.5 

55 1.5 

60 1 . 2  

65 1 . 2  

50 0.8 

50 0.6 

55 0 . 9  

20 1 . 7  

65 1 . 7  

nn 1.2 

cn- - 

7 0  1 .? 

70 

7 r) 0 . 3  

6 1 .0 

60 2 . 5  

p.5 0 . 4  

70  1 , D  

80 0 . 6  

- 

- - 

90 1 .0 

90 0 . 3  



10s I 

109 I1 

115 I1 

116 I 

171 I 

172 I1 

1.73 I 

175  1 

1 7 6  t 1  

1 7 7  I 

17:: I1 

T 

(OC) 

30.72 

30 .38  

30.28 

30.2Q 

30.38 

30.50 

30 .3') 

3') . 3 0  

7n . x 

m.?? 

30.73 

189 

APPENDIX A (conti.nlJcd) 

ESR 
t 

C"et 

(mv) ( s c c )  ( c o u n t s )  

Y-A1*Q3 

7 3 6  

100 8 

1 9 7 8  

14 10 

I 7 0 0  

30 34 

31 00 

784 

954 

1 7 9 0  

2082 

t S S  

(min)  

90 

- 

120 

1 2 0  

- 
- 

120 

65 

80 

140 

120 

A 

( m d  

SS 

- 
- 

1.2 

- 

- 

2 .o 

0.2 

0.3 

1 .o 

- 
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APPENDIX B 

CALORINETRIC RESULTS 

18 I 

19 I1 

24 I1 

25 I 

28 I1 

29 I 

35 I 

4c I. 

49 I1 

5 4  I1 

5 5  I 

60 I1 

72 I 

7 3  I1 

81 I 

88 I1 

8 9  I 

101 I 

106  I 

107 11 

131 I 

132 11 

w 

(E) 

0 .6279  

0 .5244  

0 .4625  

0 .4608  

0 .4764 

0 .4735  

0 .4736  

0 .4906  

0 .4772 

0 .4590 

0.4371. 

0 .5530 

0 .5907  

0 . 5 3 2 3  

0.5894 

0.4552 

0 .4733  

0 .1567 

0 .4904  

0 .4825 

0 .4864 

0.4986 

T 
Pr= 

(OC)  

200 

200 

400 

400 

100 

100 

100 

4 00 

400 

300 

300 

200 

300 

300 

80 

200 

200 

2 00 

200 

200 

200 

200 

‘HC 1 ACH 

moles R (J) 
-1 

a-A1203 

0 

0 

0 

0 

0 

0 

0.1 

0.1 

0.1 

0.1 

0. 1 

0.1 

0 

0 

0.1 

0.1 

0.01 

0.01 

0 .os 
0.001 

0 .032  

0 .016  

1.626 

2 .607  

2.609 

2 .701  

1.817 

1.645 

7. .486 

3.322 

6.097 

5 .220  

4.964 

5 .116  

5 .529  

4.996 

ANCH 

(J) 

3.026 

1.772 

2 .951  

3.132 

0 .333  

0 .298  

1.219 

4 .213  

0.774 

1.111 

1.310 

1 .042  

0.357 

0.667 

4 .?59 

4 .943  

4.385 

1.581 

5 .320  

4 .   h 5 3  

5 .261  

4.959 

-A H 
W 

(Jg- 

7 .41  

8.35 

12 .o 

1 2 . 1  

4 . 5 1  

4.10 

7 .73  

15.4 

14 .4  

13.8 

14.4 

11.1 

9.96  

1 0 . 6  

7 .23  

10 .9  

9 .26  

10.1 

10.8 

9 .23  

10.8 

3 .95  

-A H 
W 

(IllJTIl-2) 

9 15 

102 6 

1477 

1490  

554  . 

504  

349 

1888 

1769 

1694 

1769 

1368 

1224 

1307 

888 

1334 

1138 

12  39 

1333 

1134 

1329 

1222 



108 I 

109 I1 

115 I1 

116  I 

1 7 1  I 

172 I1 

173  I 

175 I 

176  I1 

177 I 

178 I1 

W 

(R) 

0.0457 

0 .0488 

0 .0493 

0.0492 

0 .OS42 

0 .0551 

0..0473 

0.0539 

O.nq47 

0 .Oh03 

0 .0581 

T 
P =e 

(OC) 

100 

100 

100 

100 

400 

400 

400 

100 

100 

100 

100 
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APPENDIX E (continued) 

CRC 1 ACH 

moles  9, (J) 
-1 

~ - A 1 2 0 3  

0 

0 

0.1 

0.1 

0 

0 

0.1 

0 

0 

0.1 

0.1 

ANCH 

(J) 

1.662 

1 .931  

3.790 

3.184 

3.839 

3.897 

7.000 

1.770 

1.827 

4 .O42 

3.989 

-A H w 

(J.3 

36.4 

39.6 

76.9 

64.7 

70.8 

70.7 

148  .c) 
32.8 

33.4 

67 .o 

f 8 . 7  

-A H 
W 

(TllJlIl-2) 

38 1 

4 15 

80 6 

678  

827 

826  

1728  

344 

350 

703 

720 
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